
OVERVIEW OF MINERAL MATTER I N  U.S. COALS 

R. D. Harvey and R .  R.  Ruch 

I l l i n o i s  S ta te  Geoloaical Survey 
Champaiqn, I L  61820 

INTRODUCTION 

Minera ls  i n  coal have been a sub jec t  o f  much i n t e r e s t  du r ing  the past  20 years. 
Ea r l y  s tud ies approached the sub jec t  somewhat i n d i r e c t l y  by means o f  chemical 
ana lys i s  o f  h i g h  temperature ash and back c a l c u l a t i o n  t o  ob ta in  estimates o f  the 
m ine ra l  mat ter  ( 1 ) .  Others supplemented chemical s tud ies  by hand p i c k i n q  the 
coarser  minera ls  o r  making d e n s i t y  separat ions f o r  chemical t e s t s  and o p t i c a l  
microscopic s tud 
pe ra tu re  (<150°Cf i t  became poss ib le  t o  d i r e c t l y  i n v e s t i g a t e  a l l  t he  m ine ra l  
cons t i t uen ts  ( 4 ) .  
composit ion by x-ray d i f f r a c t i o n  methods (5-8) .  
g i ca l  aspects r e l a t e d  t o  minera ls ,  t h e i r  c l a s s i f i c a t i o n  and occurrences i n  coa l ,  
and presents a c o m p i l a t i o n  o f  a v a i l a b l e  data on the  m ine ra log i ca l  composit ion 
i n  coals  from some o f  t h e  major coal basins i n  the Uni ted States.  

(2,3). With the advent o f  r a d i o  frequency ashing a t  low tem- 

Th is  l e d  t o  proqress i n  q u a n t i t a t i v e  analyses o f  t h e  m ine ra l  
Th i s  paper summarizes some geolo- 

CLASSIFICATION OF MINERAL MATTER I N  COAL 

Coal i s  a sedimentary r o c k  composed o f  three ca teqor ies  o f  substances: organic  
carbonaceous ma t te r ,  termed macerals, i no rgan ic  (main ly  c r y s t a l 1  i ne )  minera ls ,  and 
f l u i d s .  
tuents .  The f l u i d s  i n  coa l  p r i o r  t o  min inq a re  main ly  mo is tu re  and methane. Applied 
t o  coal ,  the term m ine ra l  mat ter  i s  an i n c l u s i v e  term t h a t  re fe rs  t o  the  minera lo-  
g i c a l  phases as we l l  as t o  a l l  o the r  i no rgan ic  elements i n  the coal ;  t h a t  is, the 
elements t h a t  a re  bonded i n  va r ious  ways t o  the  orqanic  (C,H,O,N,S) components. 
term minera l  r e f e r s  o n l y  t o  the d i s c r e t e  m ine ra l  phases. 

occur i n  coals; however, o n l y  about 15 a r e  abundant enough t o  have h igh  importance. 
These a r e  l i s t e d  i n  t a b l e  1 a long w i t h  t h e  s to i ch iomet r i c  chemical formula o f  each. 
It must be noted t h a t  minor  i m p u r i t i e s  commonly s u b s t i t u t e  f o r  the major  ca t i ons  as 
w e l l  as some anions which account f o r  a considerable f r a c t i o n  o f  the minor  and t race  
elements repor ted i n  c o a l s  (9-10) .  

Minera ls  i n  coal occur as d i s c r e t e  g ra ins  o r  f l a k e s  i n  one o f  f i v e  phys ica l  
modes: 
(a l so  lenses) wherein f i ne -g ra ined  minera ls  predominate; 3 )  nodules, i n c l u d i n q  
l e n t i c u l a r  o r  spher i ca l  concret ions;  4 )  f i s s u r e s  ( c l e a t  a n d f r a c t u r e  f i l l i n g s  and 
a l so  small  v o i d  f i l l i n g s ) ;  5 )  r o ; k . f r a g m v a s c o p i c  masses o f  rock  reo lace-  
ments of coal as a r e s u l t  o f  f a u  t i n g ,  s umping, o r  r e l a t e d  s t ruc tu res .  

The minera ls  l i s t e d  i n  t a b l e  1 a r e  c l a s s i f i e d  by t h e i r  phys ica l  modes o f  
occurrences. D e s c r i p t i o n  o f m i n e r a l  i m p u r i t i e s  i n  coal deoosi ts ,  based on t h i s  
c l a s s i f i c a t i o n  i s  u s e f u l  i n  a number o f  ways. 
O r  r ock  fragments hamper m in ing  operat ions,  b u t  a r e  e a s i l y  removed by standard coal 
Preparat ion ( c lean inq )  f a c i l i t i e s .  On the o the r  hand, disseminated m ine ra l s  and the 
t h i n n e r  (microscopic) l a y e r s  a r e  n o t  much removed by e x i s t i n q  p repara t i on  f a c i l i t i e s .  
The l a t t e r  two modes a r e  dominated by mixtures o f  i l l i t e ,  quar tz ,  and p y r i t e  
( t a b l e  1). 

The l a t t e r  occur  i n  pores w i t h i n  and between the  o the r  two s o l i d  c o n s t i -  

The 

Because coa l  i s  a t ype  o f  sedimentary rock,  100 o r  so d i f f e r e n t  m ine ra l s  can 

(1) disseminated, as t i n y  i n c l u s i o n s  wi th inmacera ls ;  2) l a y e r s  o r  p a r t i n q s  

Thick l a y e r s  and abundant nodules 
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Useful a l s o  i s  a genet ic  c l a s s i f i c a t i o n  o f  m ine ra l s  i n  coal, wherein they a r e  

D e t r i t a l  m ine ra l s  a re  those t h - d e h  a coay 4forming oeat  
Flakes o f  i l l i t e  c l a y  and micro-  

c l a s s i f i e d  according t o  Mackowsky (11) as d e t r i t a l ,  s n enet ic ,  o r  e i e n e t i c  
( t a b l e  1 ) .  
swamp from s lowly  moving water o r  wind cu r ren ts .  
scopic g ra ins  o f  quar tz ,  f e ldspars ,  z i rcon,  a p a t i t e ,  r u t i l e  and perhaps o the rs  were 
deposited as d i s c r e t e  g r a i n s  which became interbedded w i t h  peat  and u l t i m a t e l y  w i t h  
the r e s u l t a n t  coa l .  
presence o f  c e r t a i n  h i q h  temperature phases. 
de r i ved  from d i s t a n t  volcanoes. 

Syngenetic m ine ra l s  a re  those t h a t  formed w i t h i n  the peat du r ing  the  e a r l y  
stages of i t s  c o a l i f i c a t i o n  - before the peat  was deeply  bu r ied  by  o t h e r  sediments, 
probably by not  more than about 50 f e e t .  
i s  thought t o  have formed i n  s u l f a t e  bear ing peat by b a c t e r i a l  reduc t i on  o f  the s u l -  
fur. Much o f  t h i s  t ype  o f  p y r i t e  has a spher i ca l  form and i s  descr ibed as fram- 
boida l  p y r i t e .  
comprised o f  m ic roc rys ta l  1 i ne  quar tz  and/or hemat i te  formed e a r l y  i n  the development 
of coal .  U l t ra -sma l l  c r y s t a l l i t e s  o f  some m ine ra l s  disseminated w i t h i n  macerals 
may a l s o  be syngenetic i n  o r i g i n ,  notably  micrometer s i zed  c r y s t a l s  o f  k a o l i n i t e  
and poss ib l y  i l l i t e  observed by Strehlow, e t  a l .  ( 1 2 )  and by Wert and Hsieh (13) .  
These c r y s t a l l i t e s ,  as w e l l  as some o f  t he  t i n y  disseminated g ra ins  o f  qua r t z  a r e  
thought by some t o  have c r y s t a l l i z e d  from ino rgan ic  ma t te r  i n h e r i t e d  from the 
o r i g i n a l  p l a n t  m a t e r i a l  (2,3,14). 

Much o f  t he  c a l c i t e  i n  coa ls  as we l l  a s  p a r t  o f  t he  p y r i t e  and k a o l i n i t e  i n  coa ls  
a re  recognized as epigenet ic .  This c lass  o f  minera ls  formed lonq a f t e r  t he  peat  
was consol idated and c o a l i f i e d  enough t o  a l l o w  j o i n t s  t o  develop where i n  these 
minera ls  p r e c i p i t a t e d .  
t he  l a t e  l i g n i t e  o r  e a r l y  subbituminous staqes o f  c o a l i f i c a t i o n .  

Most wind deposited m ine ra l s  a re  recognized as such by t h e  
These a re  therefore, dust  p a r t i c l e s  

Layered deposi ts  o f  these dusts a r e  termed tons te ins .  

Under these cond i t i ons  disseminated p y r i t e  

Nodules o f  peat  m ine ra l i zed  w i t h  va r ious  carbonates and nodules 

Epigenet ic  minera ls  a re  main ly  those found i n  f i s s u r e s  and v o i d  f i l l i n g s .  

For most coals, t h i s  p r e c i D i t a t i o n  probably  occurred d u r i n g  

DISTRIBUTION OF MINERALS I N  COALS 

Typ ica l l y ,  d i f f e r e n t  l aye rs  o f  a seam va ry  considerably  i n  t h e i r  m ine ra l  
m a t t e r  as wel l  a s  s p e c i f i c  m ine ra l  components ( f i g .  1). The t h i n  l a y e r  l abe led  
BB i s  a carbonaceous shale and i t  conta ins the  h iqhes t  amount o f  minera l  matter, 
which i s  main ly  comprised o f  c l a y  ( i l l i t e ,  k a o l i n i t e ,  and smect i te  m ine ra l s )  and 
quar tz .  A t  one s i t e  i n  the mine s tud ied t h i s  l a y e r  was en r i ched in  p y r i t e  (see 
lower  p a r t  o f  the f i g u r e ) .  The p y r i t e  d i s t r i b u t i o n  a t  t he  f o u r  s i t e s  i s  f a i r l y  
cons i s ten t  i n  the upper l a y e r s  a t  each s i t e ,  bu t  t h i s  ep igene t i c  type o f  minera l  i s  
enriched i n  the lowest  l a y e r  a t  three o f  t he  f o u r  s i t e s  ( f i g .  1). 
elsewhere, the cond i t i ons  under which peat  accumulated a r e  thought t o  have been 
f a i r l y  cons i s tan t  over  reg iona l  geographical areas, much as they a re  today i n  e x i s t i n g  
peat  swamps. Therefore, comparisons o f  m ine ra l  ma t te r  between coa ls  a r e  u s u a l l y  
made by comparing analyses o f  channel samples t h a t  represent  a l l  l a y e r s  i n  the  
seam (10) .  

A t  t h i s  mine, and 

ANALYTICAL TECHNIQUES 

There a r e  numerous inst rumenta l  techniques t h a t  can be app l i ed  t o  t h e  charac- 
t e r i z a t i o n  o f  mineal ma t te r  i n  coal .  Probably the most w ide ly  used technique i s  
x - ray  d i f f r a c t i o n  a n a l y s i s  because o f  i t s  a v a i l a b i l i t y  and extens ive development 
by m ine ra log i s t s  (5,6,7). I n f r a r e d  spectroscopy has been success fu l l y  app l i ed  
toward the  analyses o f  common minera ls  found i n  coal  (15) .  D i f f e r e n t i a l  Thermal 
Analys is  (DTA) under n i t r o g e n  atmosphere can be used f o r  the i d e n t i f i c a t i o n  o f  
c e r t a i n  minera ls  (16) by moni tor ing decomposit ion temperatures. Scanning e l e c t r o n  
microscopy w i t h  an energy d i spe rs i ve  x - ray  ana lys i s  accessory u n i t  has been used t o  
i d e n t i f y  var ious m ine ra l s  as hosts  f o r  s p e c i f i c  elements i n  coal  (17,18). The 
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i o n  microprobe has a l s o  been app l i ed  t o  the s tudy o f  m ine ra l s  i n  coal (19 ) .  
Spectroscop 
i n  coal (207. Preconcentrat ing the minera l  ma t te r  i n  coal  by r a d i o  frequency low- 
temperature ashing has been we l l  estab l ished and i s  ex tens i ve l y  p r a c t i c e d  (4,9,14,22). 
I t  e f f e c t i v e l y  removes t h e  carbonaceous mat ter  w h i l e  causing o n l y  minor changes i n  
the  remaining minera ls .  The advantages are h ighe r  s e n s i t i v i t y  f o r  most inst rumenta l  
techniques used. 

Extensive elemental analyses has p r i m a r i l y  been c a r r i e d  ou t  on coal samples o r  
ashes o f  coals  f o r  purposes o f  d i s t r i b u t i o n  s tud ies  and has been reviewed (21). 
Chemical analyses o f  separated coa l  minera ls  a re  a l so  a v a i l a b l e  con f i rm ing  element- 
m ine ra l  assoc ia t i onsder i ved  from f l o a t - s i n k  s tud ies  (14,22). 

Mossbauer 
has r e c e n t l y  become very impor tant  i n  the s tudy o f  i r o n  s u l f i d e  minera ls  

MINERAL COMPOSITION I N  SOME SAMPLES FROM VARIOUS COAL BASINS 

Results o f  m ine ra log i ca l  analyses o f  low temperature ashes by x - ray  d i f f r a c t i o n  
were compiled f rom the  f i l e s  o f  the I l l i n o i s  S t a t e  Geologica l  Survey ( t a b l e  2 ) .  Samples 
rep resen ta t i ve  o f  t he  two most mined coa ls  i n  t h e  I l l i n o i s  Basin p rov ide  a good 
s t a t i s t i c a l  bases f o r  eva lua t i ng  t h i s  basin; however, t h i s  i s  n o t  t he  case f o r  
r e s u l t s  l i s t e d  f o r  o t h e r  basins. 
on these coal bas ins t o  draw many conclusions. Nonetheless, these data were generated 
i n  one labo ra to ry ,  us ing  the  same procedures, and theyp rov ide  a bas i s  f o r  some 
p re l im ina ry  comparisons. The r e s u l t s  show the  t o l l o w i n g  increas ing composit ional 
t rends o f  the mean values, expressed by the s t a t e  abb rev ia t i ons  g i v e n  i n  t a b l e  1. 

To date,  t he re  i s  i n s u f f i c i e n t  m ine ra log i ca l  data 

Mineral ma t te r :  AZ<TN<MT,ND,WY = So.WVcNo.WV<IL<AL<IA 

P y r i t e  (FeS2): AZ = MT,ND,WY = So.WV<TN<AL = IL<No.WV<IA 

The samples from the Black Mesa Basin i n  Arizona i n d i c a t e  the seams mined there are 
l owes t  i n  minera l  ma t te r  and p y r i t e  contents; those i n  Iowa appear t o  be the h ighest  
i n  both o f  these c o n s t i t u t e n t s .  However, the range o f  m ine ra l  contents  i s  genera l l y  
h igh  and d i c t a t e s  t h a t  t h e  q u a l i t y  o f  each depos i t  be considered on i t s  own q u a l i t y  
parameters f o r  p o s s i b l e  feed  s tock  t o  coa l  processing p lan ts .  
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Table 1. Minerals f requent ly  occurring i n  coals ,  t h e i r  stoichometric compositions, 
t h e i r  modes of occurrences, and r e l a t i v e  abundance (11). 

Abundance Chief occurrences 
Mineral Composition Physical* Genetic** in  min. matter 

Clay minerals 
i l l i t e  ( s e r i c i t e ,  KAL, ( A I S i , O l , ) ( O H ) ,  0,L d , s ( ? )  common 

smectite (mixed A1,Si4010(OH)2 - H,O D , L  d , s ( ? )  common 

kaol in i te  group A1 ,Si  ,01 ( O H ) ,  L , F  e , d , s ( ? )  common 

K-mi ca ) 

1 ayered) (with Na, Mg and Others) 

Sulf ides  
pyr i te  FeS, ( isometr ic)  D,N,F s , e  var iable  
marcasite FeS, (orthorhombic) D ( ? )  s ( ? )  ra re  
spha ler i te  ZnS F e ra re  
others :  

Carbonates 

g r e i g i t e ,  galena,  chalcopyrite and  pyr rhot i te  a re  reported as very ra re  

var iable  
dolomite, i n c l .  Ca(Mg,Fe)(CO,), N s ,e var iable  

s i d e r i t e  FeCO, N s ,e var iable  

c a l c i t e  CaCO, N,F e , s  

ankeri te  (Fe) 

Oxides 
hematite Fez03 N S 

q u a r t z  SiO, D , L , N  d 
others :  magnetite and r u t i l e  a re  reported as very rare  

Others 

r a r e  
common 

limonite-goethite FeOOH N e ra re  
a p a t i t e ,  i n c l .  Ca,(P04),(F,C1 , O H )  D d , s ( ? )  r a r e  
su l fa tes ,  mainly gypsum, b a r i t e ,  and several i ron-r ich ones 
feldspars  K(Na)AlSi ,08 D S d ra re  
zircon ZrSiO, D .L d ra re  
others :  many others  reported as very ra re  (11) 

* D = disseminated; L = l ayers  ( p a r t i n g s ) ;  N  = nodules; F = f i s s u r e s  ( c l e a t ) .  
Each mineral l i s t e d  may of ten occur i n  rock fragments within coal beds. 

( c l e a t )  in coal beds); s = syngenetic, f i r s t  s tage of coa l i f ica t ion  (disseminated, 
intimately intergrown with macerals). 
common one in U.S.  c o a l s ;  others  are  reported in  some coal f i e l d s .  

** d = d e t r i t a l ;  e = epigenet ic ,  second s t a t e  of coa l i f ica t ion  (mainly along j o i n t s  

The f i r s t  l i s t e d  occurrence i s  the more 

6 



\ 

I 
i 



f t  

8- 

7- 

6- 

5- 

4- 

3- 

2- 

1- 

0--BB 8 1  

6 10  1'5 i0 6 1'0 l k  i0 i 5  5 10 15 20 5 10 1 5  2 0  25 
LTA i%) 

- 
0 5 10 

, -  
0 5  0 5 10 15 20 0 5 10 

Pyrite (%) lSGS IliB1 

Figure 1. Vert ica l  v a r i a t i o n  of mineral mat te r  wi th in  a seam a t  f o u r  s i t e s  
in a l a r g e  mine: 
the upper diagram and t h e  p y r i t e  (FeS2)  f r a c t i o n  below. 
a n a l y s i s  of the  l a y e r s  ind ica ted  t h a t  t h e  upper most l a y e r  a t  
t h r e e  s i t e s  was not present  a t  the f o u r t h ,  shown on the r i g h t .  

the  t o t a l  mineral mat te r  conten t  i s  shown i n  
Geological 
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I n f l u e n c e  o f  Envi ronments o f  Depos i t i onson  the I n o r g a n i c  Composi t ion o f  Coa ls  
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I n t r o d u c t i o n  

The m i n e r a l  compos i t i on  o f  c o a l  i s  t he  r e s u l t  o f  p h y s i c a l ,  chemical  and 
b i o l o g i c a l  processes a c t i n g  on the  system f r o m  the t ime  o f  pea t  accumu la t i on ,  
through b u r i a l  and subsequent i nc rease  i n  r a n k ,  t o  the  p r e s e n t .  W i t h  r e s p e c t  t o  
o r i g i n ,  i n o r g a n i c  c o n s t i t u e n t s  may be c l a s s i f i e d  as: i n h e r e n t  ( b e i n g  d e r i v e d  
f rom i n o r g a n i c  components w i t h i n  the p e a t - f o r m i n g  p l a n t s )  o r  a d v e n t i t i o u s  ( b e i n g  
d e r i v e d  f rom o u t s i d e  the pea t  swamp and f o r m i n g  e i t h e r  d u r i n g  o r  a f t e r  peat  
accumulat ion) ;  and d e t r i t a l  ( t h o s e  t r a n s p o r t e d  i n t o  t h e  p e a t  swamp) o r  
a u t h i g e n i c  ( t h o s e  fo rmed  w i t h i n  t h e  env i ronmen t ) .  Mackowsky ( 1 )  f u r t h e r  
d i f f e r e n t i a t e s  between syngene t i c  m i n e r a l s ,  formed d u r i n g  the  accumu la t i on  o f  
p e a t ,  and e p i g e n e t i c  m i n e r a l s ,  which formed l a t e r .  

1 Q 

'Department o f  Geosciences, The Pennsy lvan ia  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  Pa rk ,  

I n  r e c e n t  y e a r s  c o n s i d e r a b l e  c o n t r o v e r s y  has surrounded the o r i g i n  of 
m i n e r a l s  i n  c o a l :  t he  q u e s t i o n  i s  whether  most o f  these m a t e r i a l s  a re  d e r i v e d  
from i n o r g a n i c  subs tances  o r i g i n a l l y  c o n t a i n e d  w i t h i n  pea t - fo rm ing  p l a n t s  
( i n h e r e n t ) ,  o r  f r o m  sources  o u t s i d e  the pea t  swamp ( d e t r i t a l ) .  

S t u d i e s  of modern pea t - fo rm ing  env i ronmen ts  have emphasized t h e  impor tance 
o f  d e t r i t a l  i n f l u x  (2,3), syngene t i c  f o r m a t i o n  o f  p y r i t e  ( 4 )  and b i o g e n i c  s i l i c a  
( 2 , 5 ) ,  and i n - s i t u  m i x i n g  w i t h  u n d e r l y i n g  sediments (2,6) t o  account  f o r  m i n e r a l  
c o n s t i t u e n t s  i n  c o a l .  W i t h i n  the peat  env i ronment  c e r t a i n  u n s t a b l e  d e t r i t a l  
c l a y s  may undergo a l t e r a t i o n  o r  d i s s o l u t i o n  (3,7); o t h e r  c l a y s ,  such as  
k a o l i n i t e ,  may f o r m  a u t h i g e n i c a l l y ;  and b i o g e n i c  s i l i c a  d i s s o l v e s ,  p o s s i b l r  
c o n t r i b u t i n g  t o  l a t e r  a u t h i g e n i c  m i n e r a l i z a t i o n  (3,s). I n  c o a l s ,  a u t h i g e n i c  
k a o l i n i t e  f o r m a t i o n  a l o n g  c l e a t s  i s  common ( 8 , 9 ) .  Clays  may a l s o  fo rm by 
a l t e r a t i o n  o f  v o l c a n i c a l l y - d e r i v e d  m a t e r i a l  (10). Opposing the  concept  o f  a 
ma jo r  d e t r i t a l  i n p u t ,  C e c i l  and h i s  co-workers (11,12) c o n s i d e r  the  ma jo r  source 
o f  ash components t o  be the  i n o r g a n i c  f r a c t i o n  o f  p e a t - f o r m i n g  p l a n t s ,  and t o t a l  
m i n e r a l  c o n t e n t  t o  be a f u n c t i o n  o f  t he  degree o f  p e a t  deg rada t ion .  

Wh i le  t h i s  c o n t r o v e r s y  s t i l l  l i n g e r s ,  i t s  appears t h a t  s e v e r a l  o r i g i n s  are 
p o s s i b l e  f o r  m i n e r a l s  i n  p e a t  and c o a l ,  i n c l u d i n g  d e t r i t a l  i n f l u x ,  b i o g e n i c  
i n p u t ,  and p r e c i p i t a t i o n  e i t h e r  d u r i n g  o r  a f t e r  pea t  accumu la t i on ,  i n c l u d i n g  
some c o n t r i b u t i o n  f rom i n o r g a n i c  substances d e r i v e d  f r o m  p l a n t s .  V a r i o u s  
s t u d i e s  have a t tempted  t o  r e l a t e  i n o r g a n i c  compos i t i on  t o  c o n d i t i o n s  e x i s t i n g  a t  
t he  t i m e  o f  pea t  accumu la t i on .  P y r i t e  has f r e q u e n t l y  been a s s o c i a t e d  w i t h  
mar ine  and b r a c k i s h  p e a t s  (4,13), and t h e  p y r i t e  c o n t e n t  o f  coa l  has  been 
r e l a t e d  t o  r o o f  1 i t h o l o g y  (14,lS). C l a y  assemblages o f  c o a l s  and u n d e r c l a r s  
a l s o  have been r e l a t e d  t o  d e p o s i t i o n a l  env i ronment  ( 9 , 1 6 ) .  

The purpose o f  t h i s  paper  i s  t o  d e c r i b e  v a r i a b i l i t y  i n  the  i n o r g a n i c  
c o n t e n t  o f  a s i n g l e  c o a l  and at tempt  t o  e x p l a i n  the  d i s t r i b u t i o n  o f  m i n e r a l s  i n  
a framework o f  d e p o s i t i o n a l  env i ronmen ts .  I n  wes te rn  Pennsy lvan ia ,  t h e  Lower 
K i t t a n n i n g  seam p r o v i d e s  an o p p o r t u n i t y  t o  s tudy  c o a l  t h a t  was i n f l u e n c e d  b y  
f reshwa te r ,  b r a c k i s h  and mar ine  c o n d i t i o n s ,  as i n d i c a t e d  b y  a p r e v i o u s  s t u d y  o f  
t he  o v e r l y i n g  s h a l e  (17). Severa l  g e o l o g i c  c o n t r o l s  are though t  t o  have 
i n f l u e n c e d  d e p o s i t i o n  d u r i n g  t h i s  t ime:  d i f f e r e n t i a l  subs idence r e s u l t e d  i n  a 
t h i c k e n i n g  o f  sediments (and  c o a l )  towards the c e n t e r  o f  t he  b a s i n ;  a basement 
h i g h  t o  the n o r t h  o f  t he  f i e l d  a rea  may have s u p p l i e d  c l a s t i c  m a t e r i a l ,  add ing  
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t o  a p redominant ly  e a s t e r n  sediment source ;  and a c t i v e  f o l d s  and v a r i a t i o n s  i n  
pa leotopography may have a l s o  i n f l u e n c e d  sed imenta t ion  p a t t e r n s  118).  

v 
Sampl i n 9  and Methods 

F o r t y - t h r e e  channel  samples o f  the Pennsylvanian-aged Lower K i  t t a n n i n g  coal  
( K i t t a n n i n g  Format ion ,  A l l e g h e n y  Group) were c o l l e c t e d  i n  western Pennsylvania.  
Samples a r e  r e p r e s e n t a t i v e  o f  a l l  th ree  suggested d e p o s i t i o n a l  env i ronments 
( F i g u r e  1) and a l s o  o f  t h e  inc rease i n  r a n k  from h i g h  v o l a t i l e  b i t u m i n o u s  i n  the  
west  t o  low v o l a t i l e  b i t u m i n o u s  i n  the  s o u t h e a s t .  Analyses i n c l u d e d  major  and 
minor  elements,  t o t a l  s u l f u r  and s u l f u r  forms, and low-temperature ash ing .  
LTA’s w e r e  o b t a i n e d  a c c o r d i n g  t o  s tandard  procedures  ( 1 9 ) .  X-ray d i f f r a c t i o n  
a n a l y s i s  o f  LTA’s p r o v i d e d  q u a l i t a t i v e ,  q u a n t i t a t i v e  ( f o r  q u a r t z  and p y r i t e ) ,  
and s e m i - q u a n t i t a t i v e  ( f o r  c l a y s  i n  the  < 2 ym f r a c t i o n )  da ta  u s i n g  procedures 
m o d i f i e d  f rom R u s s e l l  and R i m m e r  ( 2 0 ) .  K a o l i n i t e  was q u a n t i t i f i e d  u s i n g  
i n f r a - r e d  spec t roscopy .  M i n e r a l  compos i t ion  was a l s o  c a l c u l a t e d  by normat ive 
techn iques  m o d i f i e d  from P o l l a c k  (21)  and Given et a_l.q ( 2 2 ) .  

R e s u l t s  and D i s c u s s i o n  

The major m i n e r a l  components o f  t h i s  coa l  i n c l u d e  q u a r t z ,  p y r i t e  (and 
m a r c a s i t e ) ,  and c l a y s  ( p r e d o m i n a n t l y  k a o l i n i t e  and i l l  i t e l m i c a ,  w i t h  l e s s e r  
amounts o f  expandable c l a y s ) .  T o t a l  m i n e r a l  c o n t e n t  (percent  LTA) v a r i e s  
c o n s i d e r a b l y  a c r o s s  the  b a s i n ,  w i t h  v e r y  h i g h  ash c o n t e n t s  o c c u r r i n g  i n  the  
c e n t e r  o f  the b a s i n  and a l o n g  s e c t i o n s  o f  the A l legheny F r o n t .  To f u r t h e r  
understand these v a r i a t i o n s ,  i n d i v i d u a l  m i n e r a l  d i s t r i b u t i o n s  were examined. 

P y r i t e  d i s t r i b u t i o n  shows a d e f i n i t e  b a s i n a l  t r e n d ,  w i t h  h i g h  p y r i t e  
conten ts  o c c u r r i n g  a c r o s s  the  c e n t e r  o f  the  b a s i n  ( F i g u r e  2 ) .  Whereas much of  
t h i s  area u n d e r l i e s  m a r i n e  and b r a c k i s h  r o o f  r o c k s ,  the  r e l a t i o n s h i p  i s  n o t  
p e r f e c t .  H i g h e s t  p y r i t e  c o n t e n t  appears t o  be most c l o s e l y  r e l a t e d  t o  the 
eas tern  b r a c k i s h  zone. F a c t o r s  i n f l u e n c i n g  the d i s t r i b u t i o n  o f  s u l f u r  i n  peat 
and c o a l s  i n c l u d e  a v a i l a b i l i t y  o f  i r o n  and s u l f a t e ,  and pH.  S u l f a t e  i s  thought 
t o  be i n t r o d u c e d  by  m a r i n e  and b r a c k i s h  w a t e r s  ( 4 ) .  Recent work on p y r i t e  
d i s t r i b u t i o n  i n  the  F l o r i d a  Everg lades  (23) i n d i c a t e s  h i g h e s t  p y r i t e  conten t  i s  
a s s o c i a t e d  w i t h  b r a c k i s h  env i ronments  r a t h e r  than mar ine ,  and t h i s  has been 
r e l a t e d  t o  the a v a i l a b i l i t y  o f  i r o n .  I n  f r e s h w a t e r ,  i r o n  i s  t r a n s p o r t e d  i n  
o rgan ic  c o l l o i d s  wh ich  f l o c c u l a t e  q u i c k l y  upon e n t e r i n g  b r a c k i s h  water ,  
r e s u l t i n g  i n  a h i g h e r  a v a i l a b i l i t y  o f  i r o n  i n  b r a c k i s h  env i ronments (24 ) .  pH i s  
a l s o  a f a c t o r ,  as much o f  the  p y r i t e  appears t o  fo rm as a by-product o f  
s u l f a t e - r e d u c i n g  b a c t e r i a  ( 4 ) .  Compared t o  the  more a c i d i c  f reshwater  
environments,  h i g h e r  l e v e l s  o f  m i c r o b i a l  a c t i v i t y  wou ld  occur i n  the  n e u t r a l  t o  
b a s i c  pH c o n d i t i o n s  e x i s t i n g  i n  mar ine  o r  b r a c k i s h  w a t e r s .  P y r i t e  conten t  i s  
t h e r e f o r e  h i g h e s t  i n  a r e a s  t h a t  w e r e  i n f l u e n c e d  a t  l e a s t  by b r a c k i s h  c o n d i t i o n s .  

The c e n t r a l  p a r t  o f  the  b a s i n  was e x p e r i e n c i n g  more r a p i d  subsidence than 
the  margins,  t h u s  any mar ine  i n f l u e n c e  would be g r e a t e r  i n  t h i s  area. Apparent 
d i s c r e p e n c i e s  i n  the  r e l a t i o n s h i p  between p y r i t e  c o n t e n t  and r o o f  l i t h o l o g y  may 
be e x p l a i n e d  on the  b a s i s  o f  i r o n  a v a i l a b i l i t y .  (Data  t o  be d iscussed l a t e r  
Suggest a d e t r i t a l  i n f l u e n c e  towards t h e  e a s t e r n  marg in  o f  the b a s i n ,  p r o v i d i n g  
c l a y - r i c h  sediments w h i c h  may have c o n t r i b u t e d  t o  the  supp ly  o f  i r o n ) .  
workers  have a l s o  commented on t h i s  l a c k  o f  c o r r e l a t i o n  and suggest e p i g e n e t i c  
p y r i t e  f o r m a t i o n  a l o n g  c l e a t s  and j o i n t s  may be r e s p o n s i b l e  ( 2 5 ) .  
a l t e r n a t i v e  i s  t h a t  t h e  zone o f  maximum b r a c k i s h  and mar ine  i n f l u e n c e  s h i f t e d  
d u r i n g  the  h i s t o r y  o f  t h e  peat  swamp. 

Other 

A t h i r d  

Q u a r t z  c o n t e n t  i s  h i g h e s t  i n  the  n o r t h - c e n t r a l  p a r t  o f  the  b a s i n ,  w i t h  
i s o l a t e d  q u a r t z - r i c h  pods a l o n g  the A l legheny F r o n t .  
c o a l  has been debated  a t  l e n g t h .  D e t r i t a l  q u a r t z  has been d i s t i n g u i s h e d  by many 

The o r i g i n  o f  q u a r t z . i n  
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a u t h o r s  ( 1 , 3 )  w h i l e  o t h e r  w o r k e r s  ( 1 1 , 1 2 )  b e l i e v e  much o f  t h i s  q u a r t z  i s  d e r i v e d  
froin s i l i c a  o r i g i n a l l y  c o n t a i n e d  w i t h i n  the  p l a n t s .  P e t r o g r a p h i c  o b s e r v a t i o n s  
Of q u a r t z  i n  t h i s  c o a l  r e v e a l e d  an a s s o c i a t i o n  w i t h  a t t r i t a l  bands, s u g g e s t i n g  a 
d e t r i t a l  o r i g i n .  The d i s t r i b u t i o n  may be r e l a t e d  t o  the basement h i g h  t h a t  
e x i s t e d  t o  the  n o r t h  d u r i n g  t h i s  t ime  ( 1 8 ) .  T r a n s p o r t a t i o n  w i t h i n  the  swamp of 
q u a r t z - r i c h  sediments d e r i v e d  f rom t h i s  h i g h  was p o s s i b l y  r e s t r i c t e d  by the 
b a f f l i n g  e f f e c t  o f  v e g e t a t i o n ,  a phenomenon n o t e d  i n  modern swamps ( 2 ) .  I n  
a d d i t i o n ,  l e s s e r  amounts o f  q u a r t z  may have been c a r r i e d  i n  f rom t h e  e a s t .  
Sediment d e r i v e d  f rom t h i s  l a t t e r  source appears t o  have been p r e d o m i n a n t l y  
c l a y .  Comparable q u a r t z  d i s t r i b u t i o n s  were n o t e d  i n  the underc lay  1261, t h u s  
t h e  i n f l u e n c e  o f  i n - s i t u  m i x i n g  a l s o  e x i s t s .  

K a o l i n i t e  i s  the ma jo r  c l a y  c o n s t i t u e n t  o f  t he  c o a l  and occu rs  i n  h i g h e s t  
c o n c e n t r a t i o n s  a l o n g  the b a s i n  marg ins ,  w i t h  i l l i t e  i n c r e a s i n g  towards  the  
c e n t r a l  p a r t  o f  t he  bas in .  Once aga in  a s i m i l a r  d i s t r i b u t i o n  wasnoted i n  the  
u n d e r c l a y s  ( 2 6 ) .  D i f f e r e n t i a l  f l o c c u l a t i o n  w i t h i n  t h e  b a s i n ,  t o g e t h e r  w i t h  
chemical  r e g r a d i n g  o f  c l a y s ,  c o u l d  be used t o  e x p l a i n  t h i s  d i s t r i b u t i o n .  
Holbrook (26) argues a g a i n s t  t h i s  mechanism f o r  t he  u n d e r c l a r s  on t h e  b a s i s  of 
f l o c c u l a t i o n  s t u d i e s  i n  modern env i ronmen ts ,  and sugges ts  d i f f e r e n t i a l  l e a c h i n g  
r e l a t e d  t o  v a r i a t i o n s  i n  pa leo topographr  may have been i m p o r t a n t .  Another  
c o n t r o l  c o u l d  be the  e f f e c t  o f  pea t  c h e m i s t r y  on the c l a y  assemblage. K a o l i n i t e  
appears t o  be h i g h e s t  i n  f r e s h w a t e r  env i ronments where,  under l ower  pH 
c o n d i t i o n s ,  i t  wou ld  be t h e  most s t a b l e  c l a y  m i n e r a l .  Thus, i n  these areas no t  
o n l y  c o u l d  k a o l i n i t e  be d e t r i t a l ,  b u t  a l s o  the p r o d u c t  o f  c l a y  a l t e r a t i o n  and 
a u t h i g e n e s i s .  The presence o f  h igh - tempera tu re  p o l r t r p e s  suggest  a d e t r i t a l  
o r i g i n  f o r  i l l i t e h i c a  i n  the Lower K i t t a n n i n g  c o a l  and u n d e r c l a r ,  as d i scussed  
by Dav is  d, ( 3 )  and HclbrooK 1 2 6 ) .  D e t r i t a l  i l l i t e / m i c a  wou ld  be b e t t e r  
p rese rved  i n  more bas inward  a reas .  

@ne a d d i t i o n a l  c o n t r o l  on t h e  c l a y  m i n e r a l  assemblage c o u l d  be r a n k .  W i t h  
t h e  i nc rease  i n  r a n k  e x h i b i t e d  b y  t h i s  c o a l ,  c e r t a i n  d i a g e n e t i c  changes m i g h t  be 
expected.  No c o n s i s t e n t  t r e n d s  i n  m i n e r a l o g y  were observed,  however a genera l  
l a c k  o f  s m e c t i t e  and h igh l y -expandab le  c l a y s  (which can be seen i n  lower  rank  
c o a l s )  was no ted .  T h i s  c o u l d  be r e l a t e d  t o  rank ,  o r  be a f u n c t i o n  o f  
provenance.  

Summary 

The d i s t r i b u t i o n  o f  m i n e r a l s  w i t h i n  the  Lower K i t t a n i n g  coa l  can be r e l a t e d  
t o  d e p o s i t i o n a l  env i ronments.  T o t a l  m i n e r a l  c o n t e n t  v a r i e s  c o n s i d e r a b l y  ac ross  
the  b a s i n ,  and v a r i a t i o n s  can be e x p l a i n e d  by examin ing the d i s t r i b u t i o n s  o f  
i n d i v  i dual  m i n e r a l  5 .  

P y r i t e  c o n t e n t  i s  c o n t r o l l e d  by a v a i l a b i l i t y  o f  s u l f a t e  and i r o n ,  and pH. 
H ighes t  c o n c e n t r a t i o n s  a re  seen towards t h e  c e n t e r  o f  the b a s i n  where subsidence 
was more r a p i d  and mar ine  and b r a c k i s h  i n f l u e n c e s  ( a f f e c t i n g  s u l f a t e  
a v a i l a b i l i t y  and pH) were f e l t  d u r i n g  and a f t e r  pea t  accumu la t i on .  I r o n  
a v a i l a b i l i t y  may have been a s s o c i a t e d  w i t h  the  t r a n s p o r t  o f  o r g a n i c  c o l l o i d s  or 
c l a y  i n t o  the  b a s i n .  

Quar tz  appears t o  be l i m i t e d  t o  the  n o r t h e r n  p a r t  o f  t he  f i e l d  a rea  and 
i s o l a t e d  a reas  a l o n g  the A l l e g h e n y  F r o n t .  I t  i s  suggested t h a t  q u a r t z - r i c h  
sediments were d e r i v e d  f rom a p o s i t i v e  a rea  t o  t h e  n o r t h .  Much o f  the sediment 
b rough t  i n  f rom the  e a s t  appears t o  have been c l a y - r i c h .  

The c h e m i s t r y  o f  the pea t  may have had  a s t r o n g  i n f l u e n c e  on c l a y  m i n e r a l  
assemblage. K a o l i n i t e  may have been b o t h  d e t r i t a l  and a u t h i g e n i c ,  whereas 
i 1 1 i t e / m i c a  appears t o  be d e t r i t a l .  Rank has had l i t t l e  e f f e c t  on the  o v e r a l l  
c 1 ay assembl age. 
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The Origin of Quartz In  Coal 

Leslie F. Ruppert, C. Blaine Cecil, and Ronald W. Stanton 
u.S. Geological Survey, National Center, MS 956, Reston, Va. 22092 

Introduction 

Mineral matter i n  coal can or iginate  a s  (1) inorganic elements from plants 
t h a t  were incorporated dur ing  peat formation, (2)  wind- o r  water-borne 
de t r i tus  t h a t  s e t t l e d  i n  the peat-forming environment, and (3) epigenetic 
minerals t h a t  formed during or  a f t e r  burial  of . the  peat (Stach and others, 
1982). The l a t t e r  two processes generally a r e  considered t o  be the principal 
contributors t o  t h e  amount and var ie ty  of minerals i n  coal of commercial 
quality. Certain physical properties, such a s  the shape of quartz grains, 
have led some workers t o  pos tu la te  t h a t  quartz  i n  coal  is primarily of 
d e t r i t a l  o r ig in  (Finkelman, 1981a, 1982b; Davis and others,1981); however, 
evidence f o r  such a hypothesis may be highly subject ive and inconclusive. I n  
contrast, Cecil and o thers  (1982) suggested t h a t  mineral matter i n  t h e  Upper 
Freeport coa l  bed is dominantly authigenic, on the basis of s t a t i s t i c a l  
re la t ionships  among major-, minor-, and trace-element, maceral, and mineral 
data. Mineral matter i n  coal ,  exclusive of p y r i t e  and c a l c i t e ,  was probably 
derived from plants  t h a t  contributed t o  peat formation (Stevenson, 1913; 
Cecil and others ,  1982). 

Cathodolminescence (CL) petrography was used i n  the present invest igat ion t o  
obtain quant i ta t ive  data  on the amounts of authigenic and d e t r i t a l  quartz in  
the  Upper Freeport coal bed. CL is the  emission of v i s i b l e  light during 
electron bombardment. It is  used widely a s  a t o o l  i n  sandstone petrology t o  
dis t inquish between d e t r i t a l  and authigenic  quartz  grains .  CL i n  quartz  
results fran molecular or other  l a t t i c e  imperfections; molecular imperfec- 
t ions  which include the addi t ion of f fact ivatorff  ions (AF30r Tit3 t h a t  s u b s t i -  
t u t e  for S1)4), and other l a t t i c e  imperfections a re  re la ted  t o  temperature 
( Z i n k e r n a g e l ,  1978) . Zinkernagel  observed  t h r e e  d i s t i n c t  t y p e s  of 
luninescence i n  quartz  gra ins  t h a t  included ( 1) h i o l e t r r  luninescing quartz 
(spectral  peaks a t  450 and 610-630 n m ) ,  (2)  ffbrownlf or orange luninescing 
quartz ( spec t ra l  p e a k s ' a t  610-630 run), and (3) non-luninescing quartz. He 
examined quartz f ran  46 l o c a l i t i e s  and ranging i n  age from Precambrian t o  
Tertiary, and i n  a l l  cases the  CL color was dependent on the temperature of 
c rys ta l l iza t ion .  Violetff  or blue luninescing quartz was charac te r i s t ic  of 
fast-cooled volcanic, plutonic, and high-grade metamorphic rocks t h a t  were 
formed a t  temperatures grea te r  than 573O C. ffBrownff or orange luninescing 
quartz was c h a r a c t e r i s t i c  of high-grade slow-cooled metamorphic rocks formed 
a t  temperatures ranging f r a n  5 7 9  C t o  300°C. Quartz t h a t  was formed a t  
temperatures below 300°C and t h a t  was not heat  tempered did not luninesce i n  
the  vis ible  range. The or ig in  of quartz can be inferred from CL data because 
d e t r i t a l  quartz, which has a high- temperature or ig in  ( > 3 O P C ) ,  luninesces i n  
the  vis ible  range whereas authigenic quartz, formed a t  l o w  temperatures (<30@ 
C) does not luninesce. 
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Methodology 

Both a scanning electron microscope (SEM) and an electron microprobe (EMP) 
were used i n  t h i s  study t o  analyze the CL propert ies  of quartz  gra ins  i n  
samples of the Upper Freeport coal bed because quartz grains  i n  coal  a r e  
Small (silt s ized)  and below t h e  reso lu t ion  c a p a b i l i t i e s  of a s tandard 
hl inoscope.  Quartz gra ins  were ident i f ied  by t h e  detection of s i l i c o n  alone 
with energy dispers ive X-ray uni t s  attached t o  both the SEM and t h e  EMP. 

The SEM was used t o  observe and photograph the  quartz grains. The EMP which 
was equipped with both a photanul t ipl ier  tube ( spec t ra l  response 185-930 nm) 
and a monocrmeter, was used t o  measure wave length and in tens i ty  of CL. The 
EMP, instrunent conditions were cal ibrated using a reference sample of the 
upper p a r t  of t h e  Raleigh Sandstone Member of t h e  New River Formation 
(Pennsylvanian a g e ) ,  which contained both orange and blue luminescent 
d e t r i t a l  q u a r t z  g r a i n s  and non-luminescent a u t h i g e n i c  overgrowths of 
low-temperature or ig in  ( f i g .  1). 

Quartz grains  frm the  Upper Freeport coal bed were analyzed i n  (1) ash 
samples t h a t  were prepared by low-temperature plasma ashing (LTA) of fac ies  
channel samples, (2) pulverized coal samples of size-gravity separates ,  and 
(3) or iented blocks of mineral-rich bands, v i t r a i n ,  fusain, clay-rich parting 
material, and roof-shale t h a t  were each cut  f ran  a coal core. All samples 
were mounted i n  epoxy and polished pr ior  t o  analysis. 

Results 

A l l  the Upper Freeport coal bed samples examined contained both luninescent 
and non-luninescent quartz grains  ( t a b l e  1 ,  f ig .  2 ) .  More than 200 grains  
were visually examined, and 76 measured spectra  were obtained. 

I n  t h e  LTA samples, 95 percent  of t h e  q u a r t z  p a r t i c l e s  examined were 
non-luninescent and 5 percent were luninescent. Most gra ins  lwninesced i n  
the  orange range. 

Twenty-nine measured spectra  of quartz grains  were obtained fran the l i g h t e s t  
(1.275 f l o a t )  and the  heaviest (1.800 s ink)  size-gravity separates. Only 
nine grains  were analyzed i n  t h e  lightest gravity separates  because of the 
paucity of mineral matter. A l l  nine grains  were non-luninescent and were 
associated with v i t r a i n .  In the  heaviest gravity separates, 60 percent of 
the quartz was non-luninescent; t h i s  quartz is petrographically associated 
with both v i t ra in ,  mineral-rich bands, and shale  partings. The remaining 40 
percent of the quartz  grains  in  t h e  heavy gravity separates  were luninescent 
and a r e  associated with mineral-rich bands and shale  par t ing mater ia l .  

Data from CL analyses of the blocks of coal f ran  the  core revealed t h a t  
luminesc ing  q u a r t z  was r e l a t i v e l y  r a r e  and is a s s o c i a t e d  only  with 
mineral-r ich bands. O f  t h e  29 quar tz  g r a i n s  analyzed, only 17 percent  
luninesced. The non-lwninescent gra ins  a r e  petrographically associated with 
both v i t r a i n  and mineral-rich bands. 
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Roof-shale samples f ran  the core were a l s o  examined. Ninety-three percent of 
t h e  quartz analyzed was luninescent and only 7 percent was non-luninescent. 
The quartz grains  analyzed were similar  in  s i z e  t o  the  quartz  gra ins  i n  coal. 

Conclusions 

Seventy-six percent of t h e  quartz  gra ins  examined i n  the  Upper Freeport coal 
samples a r e  non-luminescent; t h e r e f o r e  t h e  quar tz  is i n t e r p r e t e d  t o  be 
domininant ly  a u t h i g e n i c .  The a u t h i g e n i c  q u a r t z  i s  p e t r o g r a p h i c a l l y  
associated with both v i t r a i n  and mineral-rich bands. The remaining 23 percent 
of the  quartz  analyzed luninesced i n  the  v i s i b l e  range and i s  therefore  
interpreted t o  be d e t r i t a l  i n  or igin.  Det r i ta l  quartz was petrographically 
associated with mineral-rich bands and clay-parting mater ia l .  

I n  contrast, quartz gra ins  i n  the samples of shale  d i rec t ly  overlying the 
Upper Freeport coal  bed a r e  in te rpre ted  t o  be predominantly d e t r i t a l  i n  
or igin.  The quartz gra ins  a r e  i n  the same s i z e  range a s  quartz gra ins  i n  the 
coal samples. 

Data fran CL petrography support the i n t e r p r e t a t i o n  of Cecil and others 
(1982) t h a t  quartz i n  Upper Freeport coal bed is primarily authigenic and 
derived from plant  ash. Although it is impossible t o  ascer ta in  the ash 
content of Pennsylvanian plants  t h a t  grew i n  t h e  Upper Freeport palec-peat 
forming environment, it seeins reasonable t h a t  the  plants  did contain s i l i c a ,  
a s  do most modern plants .  Biogenic s i l i c a  can be preserved a s  phytoliths 
(Smithson, 1956; Baker, 1960; and Jones, 1964; Andrejko and others, 1983) and 
quartz grains  i n  coal a r e  s imi l ia r  i n  s ize  t o  plant  phytol i ths  (Wilding and 
Drees, 1974). 

Most quartz gra ins  i n  the commercial-quality Upper Freeport coal bed samples 
a r e  authigenic  i n  o r i g i n ,  but  t h i s  i n t e r p r e t a t i o n  does not rule out a 
d e t r i t a l  source f o r  a r e a s  of the  bed conta in ing  higher  amounts of ash 
(approximately 20 percent)  o r  f o r  other  high ash bituninous coal beds. The 
percentage of d e t r i t a l  quartz  would be expected t o  increase approaching 
stream channels and t h e  margins of t h e  paleoswamp environment, but vegetal 
matter is probably the  dominant source f o r  quartz i n  i n t e r i o r  portions of 
t h e  paleoswamp. 
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Table 1. CATHODOLUMINESCENT AND PETROGRAPHIC CHARACTERISTICS OF QUARTZ 
GRAINS I N  COAL AND SHALE 

[Determined by us ing  an e l ec t ron  microprobe (EMP).  TNA, Tota l  number 
of gra ins  analyzed: Nonlum, nonluminescent g ra ins :  Lum. Luminescent 
g ra ins ;  *, da ta  was not obtained because coa l  was crushed: N I A .  no t  
appl icable .  1 

Number of gra ins  

Grain s i z e  range 
( i n  m) 

( i n  p) 
=an g ra in  s i z e  

Percent of t o t a l  

Association 

LOW-TEMPERATURE ASH 

(Facies channel 
samples) 

Nonlum Lum 

39 2 

* * 

* * 

95 5 

* * 

Number of gra ins  

Grain s i z e  range 
( i n  p d  

( i n  w)  
Mean g ra in  S ize  

Percent of t o t a l  

Association 

SIZE-GRAVITY SEPARATES 

Floa t  1.275 
(TNA = 9) 

Nonlum Lum 

9 0 

6-22 NIA 

9.9 N I A  

100 NIA 

Vi t r a in  N I A  

COAL BLOCKS 
(TNA = 9 )  

Nonlum Lum 

24 5 

8-20 7-22 

12 14.8 

83 17 

Vit ra in  Mineral-rich 

Sink 1.800 
(TNA - 20) 

Nonlum Lum 

12 8 

5-14 9-32 

8.4 18.9 

60 40 

Vit ra in  Mtneral-rich 
Mineral-rich band 

Shale pa r t ing  
band Shale pa r t ing  

ROOF-SHALE 
(TNA = 15) 

BLOCKS 

Nonlum Lum 

1 14 

NIA 6-32 

7 13.5 

7 93 

Shale Shale 
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Figure 2 - EMP CL spectra of quartz i n  the Upper Freeport coal bed. (A) Non-luminescing 
aothigenic spectrum, (B) Luminescing detrital  spectrum. 
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S E M I  QUANTITATIVE DETERMINATION OF COAL MINERALS 
BY X - R A Y  DIFFRACTOMETRY 

J o h n  J. R e n t o n  

D e p a r t m e n t  o f  G e o l o g y  
West V i r g i n i a  U n i v e r s i t y  

Morgan town ,  West V i r g i n i a  2 6 5 0 6  

INTRODUCTION 

The p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r e s e n t  a n d  s u p p o r t  t h e  a r g u m e n t  
t h a t  abundance  e s t i m a t e s  o f  t h e  m i n e r a l s  i n  c o a l  b a s e d  upon  x - r a y  
d i f f r a c t i o n  d a t a  c a n  o n l y  b e  c o n s i d e r e d  s e m i - q u a n t i t a t i v e  w i t h  e x p e c t e d  
e r r o r s  o f  d e t e r m i n a t i o n  o f  10 p e r c e n t  o r  more  o f  t h e  r e p o r t e d  v a l u e s .  
The c o m p o s i t i o n a l  a n d  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  l o w  t e m p e r a t u r e  
a s h  componen ts  o f  c o a l  r e l a t i v e  t o  t h e  p r e p a r a t i o n  and  m o u n t i n g  o f  a s h  
f o r  X R O  a n a l y s i s  m u s t  a l s o  be c o n s i d e r e d .  

MINERALS I N  C O A L  

The m i n e r a l s  commonly f o u n d  i n  c o a l  a r e  l i s t e d  i n  T a b l e  1. 
I n  t h e  a v e r a g e  c o a l ,  c l a y  m i n e r a l s  may c o n s t i t u t e  up t o  6 0  w e i g h t  
p e r c e n t  o f  t h e  m i n e r a l  m a t t e r  ( 1  ,2). Q u a r t z  i s  u s u a l l y  t h e  s e c o n d  m o s t  
a b u n d a n t  m i n e r a l ,  w i t h  u p  20  w e i g h t  p e r c e n t  b e i n g  common. The 
c a r b o n a t e  m i n e r a l s  ( c a l c i t e ,  s i d e r i t e  and  t o  a l e s s e r  e x t e n t ,  d o l o m i t e  
a n d  a n k e r i t e )  and  t h e  i r o n  d i s u l p h i d e  m i n e r a l s  ( p y r i t e  a n d  m a r c a s i t e )  
make up, on t h e  a v e r a g e ,  a b o u t  1 0  w e i g h t  p e r c e n t  e a c h  g r o u p .  S u l p h a t e  
m i n e r a l s  o f  c a l c i u m  a n d  i r o n  a n d  t h e  f e l d s p a r  m i n e r a l s  a r e  commonly 
p r e s e n t  b u t  r a r e l y  i n  c o n c e n t r a t i o n s  o f  more  t h a n  a f e w  w e i g h t  
p e r c e n t .  E x c e p t  f o r  u n u s u a l  c a s e s  s u c h  as  t h e  s u l p h i d e  r i c h  c o a l s  o f  
t h e  n o r t h e r n  I l l i n o i s  B a s i n ,  t h e  o c c u r r e n c e  o f  t h e  o t h e r  m i n e r a l s  i n  
c o n c e n t r a t i o n s  e x c e e d i n g  a few p e r c e n t  i s  r a r e .  I t  m u s t .  h o w e v e r ,  be 
k e p t  i n  m i n d  t h a t  t h e  m i n e r a l o g y  o f  t h e  i n o r g a n i c  . p o r t i o n  o f  c o a l  shows 
s y s t e m a t i c  v a r i a t i o n  b o t h  g e o g r a p h i c a l l y  and  l o c a l l y  r e f l e c t i n g  t h e  
g e o c h e m i s t r y  o f  t h e  o r i g i n a l  p e a t  f o r m i n g  e n v i r o n m e n t  ( 3 ) .  As a 
r e s u l t ,  " a v e r a g e "  v a l u e s  o f  c o n c e n t r a t i o n  may h a v e  l i t t l e  p r a c t i c a l  
m e a n i n g .  

M o s t  c o a l s  c o n s i d e r e d  f o r  c o n v e r s i o n  p r o c e s s e s  s u c h  as 
1 i q u i  f a  
g e n e r a l  
p e r c e n t  
m a t e r i a  
m i n e r a l  
i n  t h e  

t i o n ,  a n d  t h e r e b y  t h o s e  o f  p r i m e  i n t e r e s t  t o  c h e m i s t s ,  a r e  
y h i g h  i n  a s h  ( > l o  w e i g h t  p e r c e n t )  and  s u l f u r  (?l w e i g h t  . I n  s u c h  c o a l s ,  i l l i t e  w o u l d  i n v a r i a b l y  be t h e  d o m i n a n t  c l a y  
, c o n s t i t u t i n g ,  i n  some c o a l s ,  u p  t o  h a l f  o r  m o r e  o f  t h e  
c o n t e n t .  M o s t  o f  t h e  s u l f u r  c o n t a i n e d  i n  t h e s e  c o a l s  w i l l  b e  
orm o f  p y r i t e  a l t h o u g h  m a r c a s i t e  may be l o c a l l y  d o m i n a n t  ( 4 ) .  
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QUANTIFICATION BY X - R A Y  DIFFRACTION 

The m o s t  commonly e m p l o y e d  q u a n t i t a t i v e  X R D  p r o c e d u r e  u s e d  t o  
e v a l u a t e  t h e  c o n c e n t r a t i o n  o f  m i n e r a l  c o m p o n e n t s  i n  a m u l t i c o m p o n e n t  
m i x t u r e  o f  m i n e r a l s  compares  t h e  B r a g g  i n t e n s i t y  d a t a  o f  unknowns t o  
t h o s e  g e n e r a t e d  f r o m  a s u i t e  o f  known s t a n d a r d  samp les .  M i n e r a l  
s p e c i m e n s  a r e  a c q u i r e d  t o  r e p r e s e n t  e a c h  o f  t h e  m i n e r a l s  e x p e c t e d  i n  
t h e  unknowns. The s p e c i m e n s  a r e  g r o u n d  t o  a u n i f o r m l y  s m a l l  s i z e  ( l e s s  
t h a n  4 4  m i c r o n s )  a n d  m i x e d  t o g e t h e r  i n  c o n c e n t r a t i o n s  w h i c h  r e p r e s e n t  
t h e  r a n g e  o f  c o n c e n t r a t i o n s  e x p e c t e d  f o r  e a c h  m i n e r a l .  An i n t e r n a l  
s t a n d a r d  s u c h  a s  c a l c i u m  f l u o r i d e ,  a l u m i n u m  o x i d e  o r  p o w d e r e d  a l u m i n u m  
i s  u s u a l l y  added  i n  o r d e r  t o  m o n i t o r  and  c o r r e c t  f o r  v a r i a t i o n s  i n  
s a m p l e  a b s o r p t i o n  a n d  i n s t r u m e n t a l  v a r i a b l e s .  W o r k i n g  c u r v e s  a r e  t h e n  
p r e p a r e d  by  p l o t t i n g  t h e  r a t i o  o f  i n t e n s i t y  ( p r e f e r a b l y  i n t e g r a t e d  
i n t e n s i t y )  o f  t h e  B r a g g  r e f l e c t i o n  c h o s e n  t o  q u a n t i f y  t h e  m i n e r a l  t o  
t h a t  chosen  f o r  t h e  s t a n d a r d  v e r s u s  t h e  w e i g h t  p e r c e n t  o f  t h e  m i n e r a l  
i n  t h e  s t a n d a r d  s a m p l e s .  

T h i s  p r o c e d u r e  w i l l  p r o v i d e  a n a l y s e s  o f  h i g h  p r e c i s o n  p r o v i d e d  
c e r t a i n  b a s i c  a s s u m p t i o n s  a r e  m e t :  ( 1 )  t h e  h i g h  c o m p o s i t i o n  and 
c r y s t a l l i n i t y  ( d e g r e e  o f  o r d e r i n g )  o f  t h e  i n d i v i d u a l  m i n e r a l s  i n  t h e  
unknowns a r e  b o t h  r e a s o n a b l y  c o n s t a n t  f r o m  s a m p l e  t o  s a m p l e  a n d  ( 2 )  t h e  
c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  o f  t h e  s t a n d a r d  m i n e r a l s  c h o s e n  f o r  t h e  
p r e p a r a t i o n  o f  t h e  s t a n d a r d  s a m p l e s  r e a s o n a b l y  d u p l i c a t e  t h e  
c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  o f  t h e  r e s p e c t i v e  m i n e r a l s  i n  t h e  
unknowns.  The p u r p o s e  o f  t h e  f o l l o w i n g  d i s c u s s i o n  i s  t o  d e m o n s t r a t e  
t h a t ,  i n  t h e  c a s e  o f  c o a l  m i n e r a l s ,  n e i t h e r  o f  t h e  above  a s s u m p t i o n s  i s  
v a l i d  and as a r e s u l t ,  any  such  q u a n t i t a t i v e  p r o c e d u r e  w i l l  r e f l e c t  t h e  
i n h e r e n t  d e g r e e  o f  d e p a r t u r e  f r o m  t h e s e  b a s i c  a s s u m p t i o n s  and  w i l l  
t h e r e f o r e  b e  s e m i - q u a n t i t a t i v e .  O t h e r  p r o c e d u r e s  u s i n g  d a t a  n o r m a l i z e d  
t o  t h e  t o t a l  i n t e g r a t e d  i n t e n s i t y  a n d  q u a n t i f i c a t i o n  p r o c e d u r e s  
u t i l i z i n g  w e i g h t i n g  f a c t o r s  b a s e d  upon  s t a n d a r d  c h e m i c a l  f o r m u l a e  f o r  
t h e  m i n e r a l s  c a n  b e  u s e d  b u t  w i t h  n o  i m p r o v e m e n t  i n  q u a n t i t a t i v e  e r r o r s  
(5,6). 

I l l i t e  a n d  p y r i t e  w e r e  s p e c i f i c a l l y  c i t e d  i n  t h e  a b o v e  d i s c u s s i o n  
t o  make a p o i n t  r e l a t i v e  t o  t h e  p r e c i s i o n  a n d  a c c u r a c y  w i t h  w h i c h  c o a l  
m i n e r a l s  car! b e  q u a n t i f i e d  by  X R D .  F i r s t ,  i l l i t e  i s  NOT a m i n e r a l .  
I l l i t e  i s  ... a g e n e r a l  t e r m  f o r  t h e  c l a y  m i n e r a l  c o n s t i t u e n t s  o f  
a r g i l l a c e o u s  s e d i m e n t s  b e l o n g i n g  t o  t h e  m i c a  g r o u p  ( 7 ) .  To a c l a y  
m i n e r a l o g i s t ,  t h e  t e r m  i l l i t e  i s  synonomous w i t h  v a r i a b i l i t y  i n  b o t h  
c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  (8). The s i t u a t i o n  i s  even  f u r t h e r  
c o m p l i c t t e d  by  t h e  f a c t  t h a t  much o f  t h e  m a t e r i a l  i n  c o a l  r e f e r r e d  t o  a 
" i l l i t e  i s  a c t u a l l y  'an i l l i t e  d o m i n a t e d  m i x e d  l a y e r e d  c l a y  w h e r e i n  t h e  
i l l i t e  l a t t i c e s  a r e  r a n d o m l y  i n t e r s t r a t i f i e d  w i t h  14A c l a y  l a t t i c e s ;  
u s u a l l y  c h l o r i t e .  T h i s  m i x i n g  o f  c l a y  m i n e r a l  l a t t i c e s  f u r t h e r  adds  t o  
t h e  i n h e r e n t  v a r i a b i l i t y  i n  b o t h  c o m p o s i t i o n  a n d  c r y s t a l l i n i t y  o f  t h e  
i l l i t e  m a t e r i a l .  The c o n s t i t u t i o n  o f  " i l l i t e "  c a n  t h e r e f o r e  be 
e x p e c t e d  t o  v a r y  s i g n i f i c a n t l y  f r o m  samp le  t o  sample.  I t  s h o u l d  be 
q u i t e  a p p a r e n t  f r o m  t h e  above  d i s c u s s i o n  t h a t  no " s t a n d a r d "  i l l i t e  
e x i s t s  t h a t  c o u l d  b e  u s e d  t o  r e p r e s e n t  i l l i t e  i n  s t a n d a r d  samp les .  

The i r o n  d i s u l p h i d e s  may r e p r e s e n t  1 0  w e i g h t  p e r c e n t  o r  more  o f  
h i g h  a s h - s u l p h u r  c o a l  ashes .  U s u a l l y ,  p y r i t e  i s  t h e  m a j o r  
d i s u l p h i d e .  P y r i t e  o c c u r s  i n  c o a l  i n  a number o f  m o r p h o l o g i c a l  f o rms  
a n d  s i z e s  ( 9 ) .  N o t  o n l y  does  t h e  p y r i t e  i n  c o a l  v a r y  i n  m o r p h o l o g y  and 
s i z e  b u t  a l s o  i n  s t o i c h i o m e t r y  and c r y s t a l l i n i t y .  S t u d i e s  h a v e  been 
c o n d u c t e d  i n  t h e  a u t h o r ' s  l a b o r a t o r y  on c u t  a n d  p o l i s h e d  s u r f a c e s  o f  
c o a l  b l o c k s  w h e r e i n  t h e  b l o c k s  h a v e  been  e x p o s e d  t o  t h e  a t m o s p h e r e  and 
t h e  p y r i t e s  o b s e r v e d  o v e r  a p e r i o d  o f  t i m e .  Some p y r i t e  g r a i n s ,  t h e  
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e u h e d r a l  f o r m s ,  r e m a i n  b r i g h t  a n d  show l i t t l e  t e n d e n c y  t o  r e a c t .  The 
m a s s i v e  fo rms  o f  p y r i t e ,  on t h e  o t h e r  hand,  show a w i d e  v a r i a t i o n  i n  
a p p a r e n t  r e a c t i v i t y  w i t h  c r y s t a l s  o f  i o n  s u l f a t e s  b e i n g  o b s e r v e d  t o  
f o r m  on some p y r i t e  s u r f a c e s  w i t h i n  a m a t t e r  o f  h o u r s  a n d  i n  some 
c a s e s ,  w i t h i n  m i n u t e s .  

A n o t h e r  s t u d y  i n v o l v e d  i n  q u a n t i f i c a t i o n  o f  p y r i t e  i n  d i f f e r e n t  
c o a l  l i t h o t y p e s .  C o a l s  a r e  d e s c r i b e d  m e g a s c o p i c a l l y  b a s e d  u p o n  t h e  
d e g r e e  o f  b r i g h t  a n d  d u l l  b a n d i n g .  Zones a r e  d e l i n e a t e d  w i t h i n  t h e  
c o a l  and  d e s i g n a t e d  as  a " l i t h o t y p e "  b a s e d  on t h e  r e l a t i v e  p e r c e n t a g e  
o f  b r i g h t  and  d u l l  bands  w i t h i n  t h e  zone  ( 1 0 ) .  D o m i n a n t l y  b r i g h t  b a n d s  
a r e  ca l l ec !  "V ITRAIN" ,  d u l l  bands ,  DURAIN and  t h o s e  i n t e r m e d i a t e  b e t w e e n  
t h e  t w o ;  CLARAIN". A l t h o u g h  t h e  d e s i g n a t i o n  a s  t o  l i t h o t y p e  i s  s o l e l y  
made d e p e n d i n g  upon  m e g a s c o p i c  d e s c r i p t i o n ,  t h e  l i t h o t y p e s  d i f f e r  i n  
b a s i c  o r g a n i c  c o m p o s i t i o n  a s  i l l u s t r a t e d  by  t h e  d a t a  f o r  t h e  Waynesburg  
Coa l  shown i n  T a b l e  2. 

TABLE 2. C O M P O S I T I O N  OF LITHOTYPES OF THE WAYNESBURG C O A L  

LITHOTYPE I V I T R I N I T E  I E X I N I T E  %INERTINITE %MINERAL MATTER 

V i t r a i n  93.1 1.8 2.4 
C l a r a i n  84.2 4.4 5.6 
D u r a i n  43.4 17.8 24.9 

2.7 
5.8 

13.9 

The l o w  t e m p e r a t u r e  a s h  o f  e a c h  l i t h o t y p e  was t h e n  s u b m i t t e d  t o  X R D  
a n a l y s i s .  The i n t e g r a t e d  i n t e n s i t i e s  o f  each  o f  t h e  s e l e c t e d  
a n a l y t i c a l  8 r a g g  r e f l e c t i o n s  s e l e c t e d  f o r  t h e  i n d i v i d u a l  m i n e r a l s  w e r e  
summed f o r  a l l  m i n e r a l s  p r e s e n t  i n  each  samp le  t o  g i v e  a " t o t a l  
i n t e g r a t e d  i n t e n s i t y " .  T h i s  v a l u e  was t h e n  d i v i d e d  i n t o  t h e  i n t e g r a t e d  
i n t e n s i t y  o f  t h e  p y r i t e  a n a l y t i c a l  B r a g g  r e f l e c t i o n  t o  g i v e  t h e  
" p e r c e n t  o f  t o t a l  i n t e g r a t e d  i n t e n s i t y " .  The d a t a  a r e  s u m m a r i z e d  i n  
F i g u r e  1. I t  i s  a p p a r e n t  t h a t  t h e r e  i s  a s y s t e m a t i c  r e l a t i o n s h i p  
b e t w e e n  t h e  composition/crystallinity o f  t h e  p y r i t e  a n d  t h e  b a s i c  
o r g a n i c  makeup o f  t h e  c o a l .  M o s t  i m p o r t a n t  i s  t h e  o b s e r v a t i o n  t h a t  
e q u a l  c o n c e n t r a t i o n s  o f  p y r i t e  g i v e  d i f f e r e n t  i n t e n s i t y  r e s p o n s e s .  
Volume f o r  vo lume,  t h e  p y r i t e  c o n t a i n e d  w i t h i n  t h e  b r i g h t  c o a l  
( V i t r a i n )  s h o w i n g  s i g n i f i c a n t l y  h i g h e r  B r a g g  i n t e n s i t i e s  t h a n  t h e  
p y r i t e  c o n t a i n e d  i n  t h e  d u l l e r  c o a l s .  

To compound t h e  p r o b l e m ,  m a r c a s i t e  f o r  r e a s o n s  unknown t o  t h e  
a u t h o r ,  does  n o t  show t h e  i n t e n s i t y  r e p o n s e ,  vo lume f o r  v o l u m e  a s  
p y r i t e .  It has  been  t h e  a u t h o r ' s  e x p e r i e n c e  t h a t  t h e  m a r c a s i t e  c o a l s  
t h a t  h a v e  been  shown by  o p t i c a l  e x a m i n a t i o n  t o  b e  i n s i g n i f i c a n t  
c o n c e n t r a t i o n  show a l m o s t  n o  i n d i c a t i o n  o f  b e i n g  p r e s e n t  on a 
d i f f r a c t o g r a m  g e n e r a t e d  f r o m  t h e  l o w  t e m p e r a t u r e  ash.  

I t  m u s t  b e  a p p a r e n t  f r o m  t h e  a b o v e  d i s c u s s i o n  t h a t  t h e  g r e a t  
number o f  v a r i a b l e s  o t h e r  t h a n  c o n c e n t r a t i o n  a f f e c t  t h e  i n t e n s i t i e s  o f  
m i n e r a l  p a t t e r n  as o b s e r v e d  on a d i f f r a c t o g r a m .  I n a s m u c h  as t h e y  
c a n n o t  be m o n i t o r e d  a n d  c o m p e n s a t e d  f o r  m a t h m e t i c a l l y ,  t h e s e  v a r i a t i o n s  
m u s t  be r e f l e c t e d  i n  t h e  e r r o r  o f  d e t e r m i n a t i o n .  T h i s  w o u l d  b e  t r u e  
r e g a r d l e s s  o f  t h e  q u a n t i f i c a t i o n  p r o c e d u r e  emp loyed .  The c o n c l u s i o n ,  
t h e r e f o r e ,  i s  t h a t  t h e  i n h e r e n t  v a r i a b i l i t y  i n  c o m p o s i t i o n  a n d / o r  
c r y s t a l l i n i t y  t h a t  e x i s t s  w i t h i n  t h e  m a j o r  m i n e r a l  c o m p o n e n t s  o f  t h e  
l o w  t e m p e r a t u r e  a s h e s  o f  c o a l  w i l l  b e  r e f l e c t e d  i n  t h e  s t a t i s t i c a l  
e r r o r  o f  d e t e r m i n a t i o n  and  t h a t  e r r o r  , , w i l l  b e  o f  s f f f i c i e n t  m a g n i t u d e  
t o  p r e c l u d e  t h e  u s e  o f  t h e  t e r m  q u a n t i t a t i v e  t o  d e s c r i b e  t h e  
p r o c e d u r e .  T h e r e f o r e ,  any  p r o c e d u r e  u s i n g  x - r a y  d i f f r a c t i o n  t o  
d e t e r m i n e  t h e  m i n e r a l s  i n  c o a l  m u s t  be c o n s i d e r e d  s e m i - q u a n t i t a t i v e  a t  
b e s t .  
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SAMPLE PREPARATION & MOUNTING 

Any p r o c e d u r e  f o r  t h e  p r e p a r a t i o n  and  m o u n t i n g  o f  c o a l  l o w  
t e m p e r a t u r e  a s h e s  f o r  X R D  a n a l y s i s  MUST t a k e  t w o  p r o p e r t i e s  o f  t h e  
m a t e r i a l  i n t o  a c c o u n t :  ( 1 )  m i n e r a l s  e x i s t  w h i c h  r e a c t  w i t h  w a t e r  t o  
p r o d u c e  a c i d i c  s o l u t i o n s  ( t h e  i r o n  d i s u l p h i d e s )  w h i c h  i n  t u r n  d i s s o l v e  
a c i d  s o l u b l e  c o m p o n e n t s  s u c h  as  c a l c i t e  and  ( 2 )  t h e  c l a y  m i n e r a l s  by 
v i r t u e  o f  e x c e p t i o n a l l y  w e l l  d e v e l o p e d  ( 0 0 1 )  c l e a v a g e  s u r f a c e s  h a v e  a 
d o m i n a n t  p l a t e y  c r y s t a l  f o r m .  The s i g n i f i c a n c e  o f  t h e  f i r s t  a t t r i b u t e  
i s  t h a t  t h e  a s h e s  c a n n o t  b e  p l a c e d  i n  w a t e r  t h e r e b y  p r e c l u d i n g  c e r t a i n  
s a m p l e  p r e p a r a t i o n  t e c h n i q u e s  s u c h  a s  d i s p e r s i o n  i n  w a t e r  f o l l o w e d  by  
vacuum m o u n t i n g  o n  f i l t e r s  o r  c e r a m i c  b l o c k s .  The second  
c h a r a c t e r i s t i c ,  p o s s e s s i o n  o f  a p l a t e y  c r y s t a l  f o r m ,  p r e c l u d e s  t h e  
a t t a i n m e n t  o f  t h e  t h e o r e t i c a l l y  r e q u i r e d  r a n d o m l y  o r i e n t e d  sample.  
Those  who work w i t h  t h e  c l a y  m i n e r a l s ,  r e a l i z i n g  a random s a m p l e  c a n n o t  
b e  p r e p a r e d  and  t h a t  t h e  c l a y  p a r t i c l e s  w i l l  d e p o s i t  i n  p r e f e r r e d  
o r i e n t a t i o n ,  p u r p o s e l y  p r e p a r e  a n d  moun t  t h e  samp les  s u c h  t h a t  t h e  
p r e f e r r e d  o r i e n t a t i o n  o f  t h e  i n d i v i d u a l  p l a t e l e t s  i s  m a x i m i z e d  and  
t h e r e b y  m i n i m i z e  a n y  v a r i a t i o n s  i n  d i f f r a c t i o n  i n t e n s i t y  due  t o  
v a r i a t i o n s  i n  p a r t i c l e  a l i g n m e n t  w i t h i n  t h e  s a m p l e .  The o r i e n t a t i o n  o f  
t h e  c l a y  p l a t e l e t s  p a r a l l e l  t o  t h e  samp le  s u r f a c e  p o s i t i o n s  t h e  " C "  
c r y s t a l l o g r a p h i c  a x i s  p e r p e n d i c u l a r  t o  t h e  s a m p l e  s u r f a c e .  Because  t h e  
d i a g n o s t i c  i n t e r p l a n a r  s p a c i n g  f o r  t h e  c l a y  m i n e r a l s  i s  a l o n g  t h e  " C "  
c r y s t a l l o g r a p h i c  d i r e c t i o n ,  s u c h  an o r i e n t a t i o n  i s  i d e a l  f o r  c l a y  
m i n e r a l  i d e n t i f i c a t i o n .  The s i m p l e s t  m e t h o d  t o  moun t  a l o w  t e m p e r a t u r e  
a s h  f o r  X R D  a n a l y s i s  i s  t o  p r e s s  t h e  a s h  o n t o  t h e  s u r f a c e  o f  a p e l l e t  
p r e p a r e d  f r o m  t h e  c o a l  f r o m  w h i c h  t h e  a s h  was d e r i v e d .  

FUTURE PROSPECTS 

A few y e a r s  ago, a n d  ad h o c  g r o u p  o f  w o r k e r s  i n t e r e s t e d  i n  c o a l  
m i n e r a l s ,  The M i n e r a l  M a t t e r  i n  C o a l  Group ,  p r e p a r e d  and d i s t r i b u t e d  a 
r o u n d - r o b i n  l o w  t e m p e r a t u r e  a s h  t o  t e n  l a b o r a t o r i e s .  Each  l a b o r a t o r y  
was t o  p r e p a r e ,  moun t  a n d  q u a n t i f y  t h e  m i n e r a l  componen ts  i n  t h e  a s h  by 
t h e i r  r e s p e c t i v e  X R D  t e c h n i q u e s .  The d a t a  w e r e  t h e n  compared.  Even 
t h o u g h  a w i d e  v a r i e t y  o f  t e c h n i q u e s  was u s e d  f o r  each  p h a s e  o f  t h e  
a n a l y s i s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  c l a y  m i n e r a l  e s t i m a t e s  made by  one 
l a b o r a t o r y  ( s i g n i f i c a n t l y  l o w e r  t h a n  t h e  o t h e r s )  a n d  t h e  p y r i t e  
e s t i m a t e  made by  a n o t h e r  ( t o o  h i g h ) ,  t h e  d a t a  compared  r e a s o n a b l y  
w e l l .  The a v e r a g e s  o f  a l l  t h e  s u b m i t t e d  e s t i m a t e s  a r e  s u m m a r i z e d  i n  
T a b l e  3. 

TABLE 3 .  RESULTS OF R O U N D  ROBIN L.T.A. ANALYSIS 

MINERAL A V E .  CONC. WT% S .DEV . C.V. 

I l l i t e + M i x  L 3 0  
K a o l  i n i t e  1 8  
Q u a r t z  21 
C a l c i t e  10 
P y r i t e  1 8  

7 . 0 7  0 .24  
4.85 0 . 2 7  
6.31 0.30 
3.59 0.36 
4 . 9 3  0 . 2 7  
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A n o t h e r  o b j e c t i v e  o f  t h e  e x e r c i s e  was t o  d i s c u s s  t h e  r e s u l t s  and  
p r o c e d u r e s  u s e d  a n d  come t o  some a g r e e m e n t  on a " s t a n d a r d "  p r o c e d u r e  
f o r  samp le  p r e p a r a t i o n ,  m o u n t i n g  a n d  q u a n t i f i c a t i o n  t h a t  w o u l d  be 
a c c e p t a b l e  t o  a l l  t h e  w o r k e r s .  The a g r e e m e n t  t h a t  was r e a c h e d  was t h a t  
n o  a g r e e m e n t  w o u l d  b e  f o r t h c o m i n g  o n  o f  t h e  p h a s e s  o f  t h e  
a n a l y s i s .  W i t h  n o  o n e  p r o c e d u r e  d e m o n s t r a t a b l y  b e t t e r  t h a n  t h e  o t h e r ,  
e a c h  l a b o r a t o r y  was e x p e c t e d  t o  m a i n t a i n  t h e i r  own p r o c e d u r e .  As l o n g  
a s  a p r o c e d u r e  i s  s c i e n t i f i c a l l y  and  a n a l y t i c a l l y  sound  a n d  r e f l e c t s  a 
t h o r o u g h  u n d e r s t a n d i n g  o f  t h e  c h a r a c t e r i s t i c s  o f  m i n e r a l s  c o n t a i n e d  i n  
c o a l  and t h e  r e q u i r e m e n t s  and  l i m i t a t i o n s  o f  x - r a y  d i f f r a c t i o n ,  one 
p r o c e d u r e  w i l l  p r o b a b l y  be as  good  a s  a n o t h e r  b u t  n o n e  w i l l  b e  b e t t e r  
t h a n  s e m i - q u a n t i t a t i v e .  W i t h  a l l  i t s  s h o r t c o m i n g s ,  x - r a y  d i f f r a c t i o n  
i s  s t i l l  t h e  b e s t  a n d  m o s t  p r a c t i c a l  m e t h o d  f o r  t h e  e s t i m a t i o n  o f  t h e  
a b u n d a n c e  o f  t h e  i n d i v i d u a l  m i n e r a l s  i n  c o a l .  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10.  
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TABLE 1 

C O M M O N  COAL MINERALS 

M i n o r  4 

K a o l i n i t e  A l , S i 2 0 5 ( 0 H ) 4  
I l l i t e  a 
M i x e d  L a y e r  b 

L 

C a r b o n a t e s  

D i s u l f i d e s  

S u l f a t e s  

F e l d s p a r s  

C a l c i t e  CaC03  
D o l  o m i t  e ( C a , M g )  (CO 12 
A n k e r i t e  C a (  F e , M g ) C d 3  
S i d e r i t e  F e C 0 3  

F e S 2  ( c u b i c )  { k ~ ' , ~ " , i t e  F e S  
( g r t h o r h o m b i c )  

' C o q u i m b i t e  F e  ( S O 4 1 3  9 H z 0  
S z m o l n o k i t e  F e $ 0 4  H 0 
G y p s u m  c a s 0 4  2 i 2 0  
B a s s a n i t e  c a s 0 4  9820 
A n h y d r i t e  C a s 0 4  
J a r o s  i t e K F e 3 ( S 0 4 ) 2  (OH16 

P1 a g i  o c l  a s e  

O r t h o c l a s e  K A l S i 3 6 8  
( N a C a ) A l  ( A 1 S i ) S i  08 

a I l l i t e  h a s  a c o m p o s i t i o n  s i m i l a r  t o  m u s c o v i t e -  
K A ~ ~ ( S ~ ~ A ~ ) O ~ I ~ ( O H ) ~ ,  e x c e p t  f o r  l e s s  K +  a n d  m o r e  S i 0 2  a n d  H20 

b M i x e d  l a y e r e d  c l a y s  a r e  u s u a l l y  r a n d o m l y  i n t e r s t r a t i f i e d  
m i x t u r e s  o f  i l l i t i c  l a t t i c e s  w i t h  m o n t m o r i l l o n i t i c  a n d / o r  
c h l  o r i  t i  c 1 a t t  i c e s .  
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INTRODUCTION 

Although t r a c e  element data e x i s t  f o r  thousands o f  coal  samples, more w i l l  be 
requ i red  t o  b e t t e r  e l u c i d a t e  t r a c e  element t rends  w i t h i n  coal  bas ins and t o  he lp  
dec ipher  t h e  geo log ica l  and geochemical c o n t r o l s  on t r a c e  element d i s t r i b u t i o n  and 
mode o f  occurrence. However, increased numbers o f  analyses w i l l  no t  necessa r i l y  
p r o v i d e  a l l  t h e  answers. We run  t h e  r i s k  o f  ending up i n f o r m a t i o n  r i c h  but  knowl- 
edge poor. 

t h e  l i t e r a t u r e .  
coal  (1-4). 
va lue i n  e l u c i d a t i n g  j u s t  one aspect o f  coal  geochemistry: 
t r a c e  element v a r i a t i o n s .  

below 0.1 w t .  % (1000 ppm). Desp i te  concen t ra t i ons  i n  t h e  p a r t s - p e r - m i l l i o n  range, 
c e r t a i n  t r a c e  elements can have a s i g n i f i c a n t  impact on coal  u t i l i z a t i o n .  F o r  
example, t h e  c h a l c o p h i l e  elements As, Cd, Hg, Pb, and Se, which a re  re leased du r ing  
coal  combustion o r  leached f rom coal  waste products ,  can present  s i g n i f i c a n t  en- 
v i ronmenta l  hazards; halogens such as C1 and F can cause severe b o i l e r  corros ion,  
and v o l a t i l i z e d  N i  o r  V can cause co r ros ion  and p i t t i n g  o f  meta l  sur faces.  More- 
over ,  a l though n o t  s t r i c t l y  a t r a c e  element, sodium, even i n  smal l  concentrat ions,  
can c o n t r i b u t e  t o  b o i l e r  f o u l i n g  o r  t o  agglomerat ion o f  f l u i d i z e d - b e d  reac to rs .  On 
t h e  p o s i t i v e  s ide ,  some t r a c e  elements (e.g., G e ,  Zn, U, Au) may e v e n t u a l l y  prove t o  
be economic by-products ,  and o t h e r s  may be u s e f u l  i n  h e l p i n g  t o  understand deposi- 
t i o n a l  environments (e.g., B )  and t o  c o r r e l a t e  coal  seams (5,6). 

emiss ion spectroscopy. Recent s tud ies  (3,4,12,13) have employed q u a n t i t a t i v e  m u l t i -  
element i ns t rumen ta l  methods. 
s u i t e d  f o r  c e r t a i n  elements than  f o r  o thers,  a combinat ion o f  methods i s  u s u a l l y  
necessary t o  determine a l l  elements o f  i n t e r e s t .  Methods f o r  de te rm in ing  t r a c e  
elements i n  coal must be accurate and p rec i se .  
should determine a l a r g e  number o f  elements o f  i n t e r e s t  s imul taneously ,  r e q u i r e  
r e l a t i v e l y  l i t t l e  sample p repara t i on ,  be capable o f  automation, produce an output  
compat ib le  w i t h  computer ized data process ing,  and be rap id .  

Trace element concen t ra t i ons  i n  coa l  show v a r i a t i o n s  f rom a microscopic  t o  a 
wor ldwide scale.  
a t i o n s  Occur w i t h i n  and between coal  bas ins.  The r e s t  o f  t h e  paper w i l l  d iscuss 
f a c t o r s  t h a t  cause these  v a r i a t i o n s ,  

The purpose of t h i s  paper i s  t o  g i v e  our  a n a l y s i s  o f  coal  t r a c e  element data i n  
Several va luab le  comp i la t i ons  o f  t r a c e  element data e x i s t  f o r  U.S. 

t h e  f a c t o r s  i n f l u e n c i n g  
We have borrowed f r e e l y  f rom these  comp i la t i ons  t o  i l l u s t r a t e  t h e i r  

Trace elements a r e  g e n e r a l l y  de f i ned  as those elements w i t h  concen t ra t i ons  

I n  e a r l y  s tud ies  o f  t r a c e  elements i n  coa l  ( 7 - 1 1 ) ,  coal  ash was analyzed us ing  

Because a p a r t i c u l a r  a n a l y t i c a l  t echn ique  i s  b e t t e r  

I n  a d d i t i o n ,  i f  poss ib le ,  they 

From a resource e v a l u a t i o n  pe rspec t i ve ,  t h e  most s i g n i f i c a n t  v a r i -  
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DISCUSSION 

Ash Re la ted  V a r i a t i o n s  

The amount o f  ash i n  a coa l  i s  a ma jor  f a c t o r  i n f l u e n c i n g  t r a c e  element con- 
t e n t .  I n  general,  t r a c e  element concent ra t ions  inc rease as ash conten t  inc reases .  
Th is  r e l a t i o n s h i p  r e f l e c t s  t h e  f a c t  t h a t  most i n o r g a n i c  elements i n  coal  a r e  assoc i -  
a ted  w i t h  minera ls  (5) .  F igures  1 and 2 i l l u s t r a t e  t h i s  r e l a t i o n s h i p  f o r  K i n  
eas tern  Kentucky coa ls  and f o r  T i  i n  coa ls  f rom t h e  U i n t a  Region. 

among coa l  basins. Table I compares t r a c e  element da ta  f o r  coa ls  f rom t h e  Black 
Mesa F i e l d ,  t h e  Powder R i v e r  Region, and t h e  San Juan Region. As shown i n  Table I, 
t h e  concent ra t ions  o f  t h e  f o l l o w i n g  elements inc rease as t h e  ash conten ts  o f  t h e  
coa ls  inc rease:  S i ,  A l ,  Na, K, Cu, Th, V, L i ,  Pb, and Se. The reason f o r  t h e  v a r i -  
a t i o n  o f  these elements w i t h  ash conten t  i s  t h a t  most are,  o r  were, assoc ia ted  w i t h  
t h e  s i l i c a t e  ( d e t r i t a l )  m i n e r a l s  brought i n t o  t h e  d e p o s i t i o n a l  basins d u r i n g  t h e  
fo rmat ion  o f  t h e  coals.  Chemical a l t e r a t i o n  o f  m i n e r a l s  w i t h i n  t h e  c o a l  bas in  can 
r e m o b i l i z e  some elements, which then p r e c i p i t a t e  as a u t h i g e n i c  n o n s i l i c a t e  minera ls ,  
e.g., Cu and Pb, as s u l f i d e s  o r  se len ides  (14 ) .  The good c o r r e l a t i o n  between e l e -  
ment concent ra t ion  and ash conten t  i n d i c a t e s  t h a t  most elements have remained w i t h i n  
t h e  coal  bas in  d e s p i t e  r e m o b i l i z a t i o n  (15) .  

The above r e l a t i o n s h i p  a l s o  ho lds  when comparing t r a c e  element concent ra t ions  

Table I. Concentrat ions o f  Se lec ted  Elements i n  Coal Samples 

Black Mesa Powder R i v e r  San Juan 

f rom Black Mesa, Powder R i v e r ,  and San Juan Regions' 

Ash, X 
S i ,  % 
A l ,  % 
Ca, X 
Mg. % 
Na, I 
K, % 
Fe, % 
T i ,  X 

8.0 
1.1 
0.69 
0.78 
0.1 
0.09 
0.04 
0.31 
0.05 

9.9 
1.5 
0.78 
1.1 
0.2 
0.1 
0.05 
0.54 
0.04 

Cu, ppm 5.5 
Th, ppm 2.2 
Zn, ppm 5.6 
C r ,  ppm 3 
N i ,  ppm 2 
v,  PPm 7 
Mn, ppm 9.7 
L i ,  ppm 3.9 
Pb, ppm 2.7 
Se ,  ppm 1.6 
Ba, ppm 300 
Sr,  ppm 150 
Nb, ppm 1.5 
Zr ,  ppm 15 15  50 
1Oata f rom Reference 4; r e s u l t s  a r e  c a l c u l a t e d  on a mois tu re-  

f r e e  coal  b a s i s  (mf c o a l ) .  

11.2 
4.3 

20 
7 
5 

1 5  
51 
5.9 
5;6 
1.7 

300 
200 

1.5 

21.1 
5.4 
2.7 
0.67 
0.1 
0.2 
0.16 
0.54 
0.11 

13.3 
5.9 

15.1 
5 
3 

20 
29 
19.7 
13.1 
2 

300 
100 

3 

Elements no t  i n c r e a s i n g  i n  c o n c e n t r a t i o n  w i t h  ash conten t  a r e  g e n e r a l l y  t h o s e  
w i t h  ( a )  organic a f f i n i t i e s  (Ca, Mg, S r ,  Ea); ( b )  s u l f i d e  a f f i n i t i e s  (Fe, Zn); ( c )  
carbonate a f f i n i t i e s  (Ca, Mn, Mg); o r  (d )  s u l f a t e  a f f i n i t i e s  (Ba, Sr, Ca). Su l -  
f i d e s ,  carbonates, and s u l f a t e s  are  g e n e r a l l y  e p i g e n t i c  phases. Presence o f  t h e s e  
phases a f fec ts  element c o n c e n t r a t i o n  more than ash content.  The concent ra t ions  o f  
Zr and Nb would be expected t o  inc rease w i t h  ash conten t .  The reason t h a t  t h i s  
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1 

/ 

I 

behavior i s  no t  apparent i n  Table I may be t h e  poor  r e s o l u t i o n  o f  t h e  technique 
( s e m i q u a n t i t a t i v e  spec t rograph ic  a n a l y s i s )  used t o  o b t a i n  t h e  data.  

Rank-Re1 a ted  V a r i a t i o n s  
I 

Several elements e x h i b i t  a d i s t i n c t  v a r i a t i o n  i n  c o n c e n t r a t i o n  w i t h  coa l  rank. 
Table I 1  i l l u s t r a t e s  t h e  general  decrease i n  c o n c e n t r a t i o n  o f  a l k a l i n e - e a r t h  
elements (Mg, Ca, S r ,  Ba), Na, and B w i t h  i n c r e a s i n g  coal  rank. It i s  genera l l y  
accepted t h a t  these elements a r e  assoc ia ted  w i t h  organ ic  f u n c t i o n a l  groups (e.g. ,  
c a r b o x y l i c  a c i d s )  i n  low-rank coals.  With i n c r e a s i n g  coal  rank, t h e s e  groups a r e  
destroyed, thus  d i s p l a c i n g  o r g a n i c a l l y  assoc ia ted  i n o r g a n i c  t r a c e  elements. 

Tab le  11. Rank-Related V a r i a t i o n s ’  

A n t h r a c i t e  Bi tuminous Subbituminous L i g n i t e  

Ca, % 0.07 0.33 0.78 
Mg, % 0.06 0.08 0.18 

B, ppm 10 50 70 
300 
100 

Na, % 0.05 0.04 0.10 

Ea, ppm 100 100 
Sr, ppm 100 100 
1Oata f rom Reference 1; m f  coal .  

1.2 
0.31 
0.21 

100 
300 
300 

Organic a s s o c i a t i o n  has been proposed f o r  o t h e r  t r a c e  elements, such as Be. Sb, Ge, 
U, and some halogens (3,16). Finkelman (15)  suggests t h a t  o rgan ic  assoc ia t ion  o f  
these elements i s  s i g n i f i c a n t  ma in ly  f o r  low-rank, low-ash coals.  

i n g  amount o f  d e t r i t u s  (F igure  3) .  Also,  n o t e  t h a t  t h e  concent ra t ions  o f  boron de- 
crease w i th  i n c r e a s i n g  ash conten ts  (Table I ) .  

V a r i a t i o n s  Due t o  Geochemical Fac tors  

Concentrat ions of o r g a n i c a l l y  bound elements i n  coal  can decrease w i th  increas- 

Geochemical f a c t o r s ,  such as Eh and pH d u r i n g  and subsequent t o  coal  format ion,  
can have dramat ic e f f e c t s  on t r a c e  element conten ts .  The e f f e c t  o f  these geochem- 
i c a l  f a c t o r s  can be seen i n  Tab le  111, i n  which s e l e c t e d  d a t a  f o r  Appalachian and 
I n t e r i o r  Prov ince  c o a l s  a r e  compared. Coals f rom b o t h  areas a r e  s i m i l a r  i n  rank and 
ash content,  b u t  t h e  I n t e r i o r  Prov ince  coa ls  have s i g n i f i c a n t l y  h i g h e r  contents of 
a l l  s i x  t r a c e  elements. The h i g h e r  conten t  o f  Ca i s  perhaps due t o  carbonate miner- 
a l i z a t i o n  ( h i g h  pH), whereas t h a t  o f  Fe, Cd, Pb, and Zn i s  a t t r i b u t a b l e  t o  s u l f i d e  
m i n e r a l i z a t i o n  ( l o w  Eh).  The h i g h e r  content o f  B i s  perhaps a t t r i b u t a b l e  t o  g rea ter  
marine i n f l u e n c e  ( h i g h  s a l i n i t y ) .  

Tab le  111. Concent ra t ions  o f  Se lec ted  Elements i n  Coal Samples 
f rom Appalachian and I n t e r i o r  Coal Basins 

Ash, % 
Ca, % 
Fe, % 

Appalachian’  

13.3 
0.12 
1.9 

Cd, ppm 0.7 
Pb. ppm 15.3 
Zn. oom 20 

~ , ,  
B, ppm 30 
1Data  f rom Reference 2; m f  coa l .  
2Data  f rom Reference 4; m f  coa l .  

I n t e r i o r 2  

15.7 
1.2  
3.3 

7.1 
55 

373 
100 

30 



The occurrence o f  c l e a t - f i l l i n g  s p h a l e r i t e  and galena i n  t h e  I n t e r i o r  Prov ince  
coa ls  i s  a c l a s s i c  example o f  how e p i g e n t i c  m i n e r a l i z a t i o n  can a f f e c t  t r a c e  element 
content (17).  Dramat ic i n t r a -  and in te rseam v a r i a t i o n s  a r e  common. Cobb (18) r e -  
p o r t s  t h a t  z i n c  conten t  f r o m  benches o f  t h e  H e r r i n  (No. 6 )  coa l  v a r i e d  f rom 20 t o  
14,900 ppm. 

V a r i a t i o n s  Due t o  Geologic Fac tors  

Ash chemistry i s  another  impor tan t  f a c t o r  a f f e c t i n g  t r a c e  element v a r i a t i o n s .  
I t s  i n f l u e n c e  i s ,  however, g e n e r a l l y  more s u b t l e  than t h e  o t h e r  f a c t o r s .  
Table I V  t h e  t r a c e  element conten ts  a r e  compared f o r  Appalachian Prov ince  coa ls  and 
Wasatch P la teau coals.  Both  a r e  bi tuminous coa ls  w i t h  s i m i l a r  ash conten ts  and 
rank. 
coa ls  a re  lower  than those o f  Appalachian coa ls .  The lower  conten t  o f  c h a l c o p h i l e  
elements i n  Wasatch coa ls  may be due t o  a lower  p y r i t e  conten t .  The lower  concen- 
t r a t i o n  o f  l i t h o p h i l e  elements (e.g., L i ,  Z r ,  Nb, Th, Sc, Y )  b u t  h i g h e r  S i  con ten t  
may r e f l e c t  a h i g h e r  q u a r t z  conten t  i n  t h e  d e t r i t a l  component o f  Wasatch coa ls ;  
t h i s ,  i n  t u r n ,  may be a r e f l e c t i o n  o f  d i f f e r e n c e s  i n  t h e  minera logy  o f  t h e  source 
rocks. 

I n  

However, w i t h  a few except ions,  t h e  t r a c e  element conten ts  o f  t h e  Wasatch 

Table I V .  Concent ra t ions  o f  Se lec ted  Elements i n  Coal Samples 
f rom Appalachian Prov ince  and Wasatch Coal F i e l d  

Appalachian'  Wasatch2 

Ash, % 13.3 11.3 
Ca, % 0.2 0.41 
Fe, % 1.9 0.26 

0.7 
27.6 
15.3 

1.4 
20 
30 

5 
15 
50 
27 
24 
80 
4.9 

100 
7 

20 
3 
5 

20 

0.06 

5.8 
1.2 

16 

11 
100 
0.3 
5 

30 
0.8 
9.3 

67 
1.8 

1.5 

0.7 

70 

10 

3 
15 

10 7 
'Data f rom Reference 6; m f  coa l .  
20ata f rom Reference 19; m f  coal .  

Other Fac tors  A f f e c t i n g  Trace Element Content 

Other f a c t o r s  t h a t  c o u l d  mod i fy  t h e  ash chemis t ry  o r  t h e  a v a i l a b i l i t y  o f  t r a c e  
elements i n c l u d e  t h e  s a l i n i t y  o f  waters i n  contac t  w i t h  t h e  coa l  o r  peat,  t h e  t y p e  
of chemical weather ing process ( a r i d  vs. humid), and h y d r o l o g i c  c o n d i t i o n s  (Br and 
C1 may be e s p e c i a l l y  s e n s i t i v e  t o  t h i s  f a c t o r ) .  
p o o r l y  understood. 

I n  general ,  these f a c t o r s  a re  s t i l l  
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CONCLUDING COMMENTS 

I n  t h i s  paper, we made seve ra l  broad g e n e r a l i z a t i o n s  rega rd ing  f a c t o r s  t h a t  
i n f l u e n c e  t r a c e  element v a r i a t i o n s .  We urge t h a t  i n  i n t e r p r e t a t i v e  work these gen- 
e r a l i z a t i o n s  be a p p l i e d  c a r e f u l l y .  

A c r i t i c a l  e v a l u a t i o n  o f  e x i s t i n g  t r a c e  element data would probably  r e s u l t  i n  
i d e n t i f i c a t i o n  o f  anomalous va lues and e l i m i n a t i o n  o f  suspect data. Several ques- 
t i o n s  might  be answered by such an eva lua t i on ;  f o r  example, do t h e  two K values i n  
t h e  high-ash r e g i o n  o f  F i g u r e  1 d e v i a t e  s i g n i f i c a n t l y  from t h e  t r e n d  o f  t h e  o the r  
data because o f  a n a l y t i c a l  e r r o r s  o r  r e c o r d i n g  e r r o r s ?  Are they  l e g i t i m a t e  geochem- 
i c a l  anomalies? We encourage a n a l y t i c a l  chemists and geo log is t s  t o  i n t e r a c t  c l o s e l y  
because t h i s  i s  one o f  t h e  bes t  ways t o  improve t h e  q u a l i t y  o f  a n a l y t i c a l  methodol- 
ogy and data, and geo log ica l  i n t e r p r e t a t i o n .  

The n a t u r e  o f  t r a c e  element v a r i a t i o n s ,  f o r  whatever cause, h i g h l i g h t s  t h e  
need t o  more j u d i c i o u s l y  s e l e c t  r e p r e s e n t a t i v e  samples f o r  r e l i a b l e  q u a n t i t a t i v e  
analyses. 

S t a t i s t i c a l  techniques,  such as p r i n c i p a l  component ana lys i s ,  should h e l p  i n  
r e s o l v i n g  t h e  i n f l u e n c e  o f  t h e  f a c t o r s  a f f e c t i n g  t r a c e  element v a r i a t i o n s  i n  coal. 

It i s  hoped t h a t  t h i s  paper w i l l  encourage more d e t a i l e d  s tudy o f  f a c t o r s  i n -  
f l u e n c i n g  t r a c e  element v a r i a t i o n s  i n  coals .  
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Figure 1.  Relationship between K concentration in the  coal and 
ash content for  34 coals from eastern Kentucky. R = 0.86. Data 
from Reference 1. 
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Figure 2. Relationship between Ti concentration in the coal a n d  
ash content for  26 coals from the U i n t a  Region. R = 0.86. Data 
from Reference 1 .  
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Figure 3 ,  Relationship between Ca concentration in the coal and  
ash content f o r  17 coals and shales from the Emery Coal Field. 
R = -0.57. Data from Reference 18. 
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ELEMENTAL DISTRIBUTION AND ASSOCIATION WITH INORGANIC 
AND ORGANIC COMPONENTS I N  TWO NORTH DAKOTA LIGNITES 

S.A. Benson, S.K. Falcone, and F.R. Karner 

U n i v e r s i t y  o f  N o r t h  Dakota 
Energy Research Center 

Box 8213, U n i v e r s i t y  S t a t i o n  
Grand Forks,  N o r t h  Dakota 58202 

Introduction 

The assoc ia t ions  o f  major,  minor,  and t r a c e  elements i n  l i g n i t e - b e a r i n g  s t r a t a  o f  
t h e  F o r t  Union Region present  a cha l lenge i n  unders tand ing  t h e i r  geochemical 
r e l a t i o n s h i p s  and h i s t o r y .  I n  an e a r l i e r  work ( l ) ,  t h e  s p a t i a l  p a t t e r n s  o f  
e lemental  d i s t r i b u t i o n  w i t h i n  a l i g n i t e - b e a r i n g  sequence were examined and were 
r e l a t e d  t o  f a c t o r s  o f  accumula t ion  o f  vas t  amounts o f  p l a n t  m a t e r i a l s  and t o  t h e  
d e p o s i t i o n a l  and p o s t - d e p o s i t i o n a l  i n f l u x  o f  i n o r g a n i c  mat te r .  L i g n i t e - b e a r i n g  
sediments, i n c l u d i n g  t h e  l i g n i t e ,  l i g n i t e  overburden, and underc lay ,  were sampled 
f r o m  two beds, t h e  Kinneman Creek and t h e  Beulah-Zap, which a r e  p a r t  o f  t h e  Sent ine l  
B u t t e  Format ion o f  N o r t h  Dakota. These samples were examined t o  determine t h e  
s p a t i a l  p a t t e r n s  o f  e lemental  d i s t r i b u t i o n  w i t h i n  t h e  l i g n i t e  seam, modes o f  
e lemental  occurrence, and o r g a n i c / i n o r g a n i c  a f f i n i t i e s  o f  t h e  i n o r g a n i c  
c o n s t i t u e n t s .  

The i n o r g a n i c  c o n s t i t u e n t s  w i t h i n  l i g n i t e s  f rom t h e  F o r t  Union Region have been 
c l a s s i f i e d  as be ing  v e r y  heterogeneous q), ,which leads  some i n v e s t i g a t o r s  t o  
b e l i e v e  t h a t  t h e  study o f  geochemical r e  a t i o n s h i p s  i s  f u t i l e .  The modes o f  
occurrences o f  t h e  elements a re  g e n e r a l l y  s i m i l a r  f rom one mine t o  another w i t h i n  
t h e  F o r t  Union Region l i g n i t e s  (2). The i n o r g a n i c  m a t t e r  i n  t h e  l i g n i t e s  i s  
d i s t r i b u t e d  as adsorbed i o n s  on t h e  organ ic  a c i d  groups, coord ina ted  species, 
d e t r i t a l  m inera ls ,  and a u t h i g e n i c  minera ls .  The d i s t r i b u t i o n  o f  elements i s  
determined by n a t u r a l  processes, and, t h e r e f o r e ,  i s  expected t o  be sys temat ic  even 
though complex. 

The methods t o  q u a l i t a t i v e l y  i d e n t i f y  t h e  i n t e r r e l a t i o n s h i p s  o f  major,  minor, 
and' t r a c e  elements i n c l u d e  examining t h e  s p a t i a l  p a t t e r n s  o f  d i s t r i b u t i o n  o f  
elements w i t h i n  a s t r a t i g r a p h i c  sequence ( l ) ,  c o n s i d e r a t i o n  o f  r e s u l t s  o f  chemical 
f r a c t i o n a t i o n  procedures e), and e v a l u a t i o n  o f  o r g a n i c / i n o r g a n i c  a f f i n i t i e s  $y. The s p a t i a l  p a t t e r n  o f  e lemental  d i s t r i b u t i o n  was c o r r e l a t e d  w i t h  the  
c emical  f r a c t i o n a t i o n  behav io r ,  o r g a n i c / i n o r g a n i c  a f f i n i t i e s ,  and i o n i c  p o t e n t i a l s  
of elements t o  i n f e r  t h e  a s s o c i a t i o n  o r  combinat ion o f  a s s o c i a t i o n s  an element may 
have w i t h i n  these coals.  

Methods and Procedures 

The samples were c o l l e c t e d  f rom f r e s h l y  exposed faces w i t h i n  open p i t  mines. The 
l i g n i t e ,  l i g n i t e  overburden, and underc lay  were c o l l e c t e d  f rom two p i t s  a t  the  
Beulah Mine where l i g n i t e  i s  mined f rom t h e  Beulah-Zap seam. Samples were a l s o  
c o l l e c t e d  f rom t h e  Kinneman Creek seam i n  t h e  Center mine. The sample c o l l e c t i o n  
procedures have been summarized by Karner ( 7 )  and Benson E). Bulk channel samples 
Were a l s o  c o l l e c t e d  and homogenized t o  p r o v i d e  l a r g e  q u a n t i t i e s  f o r  a d d i t i o n a l  
experiments. 

The l i g n i t e  samples c o l l e c t e d  a t  v a r i o u s  i n t e r v a l s  w i t h i n  t h e  s t r a t i g r a p h i c  
sequence were sub jec ted  t o  t h e  f o l l o w i n g  analyses: proximate,  u l t i m a t e ,  heat ing  
value, ash ana lys is ,  and t r a c e  element a n a l y s i s  by neut ron  a c t i v a t i o n  a n a l y s i s  (NAA) 
(9) and x-ray f luorescence (10). Minera ls  i n  t h e  c o a l  and t h e  assoc ia ted  sediments 
were determined by x - ray  n f f r a c t i o n  and by scanning e l e c t r o n  microscopy and 
e l e c t r o n  microprobe a n a l y s i s .  A s p l i t  f rom t h e  b u l k  sample was examined b y  chemical 
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f r a c t i o n a t i o n  t o  s e l e c t i v e l y  e x t r a c t  i n o r g a n i c  c o n s t i t u e n t s  based on how they  are  
bound i n  t h e  coa l .  B r i e f l y ,  t h e  chemical f r a c t i o n a t i o n  procedure i n v o l v e s  
e x t r a c t i n g  t h e  coal  w i t h  1M ammonium a c e t a t e  t o  remove s o l u b l e  and ion-exchangeable 
i n o r g a n i c  components. The c o a l  i s  subsequent ly e x t r a c t e d  w i t h  1 M  h y d r o c h l o r i c  a c i d  
t o  remove elements present as carbonates, oxides, o r  coord ina ted  species. The 
e x t r a c t s  and res idues  f rom t h e  chemical f r a c t i o n a t i o n  procedure are  analyzed by a 
combinat ion o f  NAA, XRF, i n d u c t i v e l y  coupled argon plasma ( I C A P ) ,  and atomic 
absorp t ion  spectroscopy ( A A ) .  

Results and D iscuss ion  

The major, minor,  and t r a c e  element de terminat ions  a long w i t h  l o c a t i o n s  w i t h i n  t h e  
seams and l i t h o l o g y  o f  t h e  s t r a t i g r a p h i c  sequence are  summarized i n  Tables I and I 1  
f o r  t h e  Beulah coals. The data f rom Center Mine s t r a t i g r a p h i c  sequence was 
summarized i n  a p rev ious  r e p o r t  by Karner and o t h e r s  (l). 

I n  prev ious  work (1 ) .  t h e  s p a t i a l  d i s t r i b u t i o n  o f  e lemental  c o n s t i t u e n t s  has 
been descr ibed as f i t t i T g  i n t o  several  p a t t e r n s :  1) c o n c e n t r a t i o n  a t  one o r  bo th  
margins, 2 )  even d i s t r i b u t i o n ,  and 3 )  r e g u l a r  p a t t e r n s .  The v a r i o u s  ways i n o r g a n i c  
c o n s t i t u e n t s  accumulated i n  t h e  l i g n i t e  d u r i n g  and a f t e r  d e p o s i t i o n  a f f e c t  where 
c e r t a i n  elements w i l l  concent ra te  w i t h i n  t h e  seam. The d e t r i t a l  c o n s t i t u e n t s  
c a r r i e d  i n  by wind and water  w i l l  most l i k e l y  be enr iched near t h e  margins of the  
coal  seam. Inc luded i n  t h i s  group o f  i n o r g a n i c  c o n s t i t u e n t s  a re  c l a y  minera ls ,  
quar tz ,  and v o l c a n i c  ash. S o l u t i o n s  c o n t a i n i n g  i o n s  f l o w i n g  th rough t h e  l i g n i t e  can 
exchange w i t h  t h e  coa l  m a t r i x  and p r e c i p i t a t e  as s t a b l e  a u t h i g e n i c  phases. 
I n o r g a n i c  c o n s t i t u e n t s  a re  a l s o  present  i n  t h e  o r i g i n a l  p l a n t  m a t e r i a l  t h a t  was 
deposi ted.  Even p a t t e r n s  o f  e lemental  d i s t r i b u t i o n  are  c h a r a c t e r i s t i c  o f  
o r g a n i c a l l y  bound elements. I r r e g u l a r  d i s t r i b u t i o n  p a t t e r n s  are  c h a r a c t e r i s t i c  of 
concent ra ted  occurrences o f  a u t h i g e n i c  minera ls .  

Table I i n c l u d e s  da ta  f rom two seams w i t h i n  t h e  south  Beulah mine. Table I 1  
summarizes t h e  data f rom a high-sodium p i t  (Orange P i t )  o f  t h e  Beulah mine. The 
Center mine data used i n  t h i s  work was repor ted  by Karner and o t h e r s  E). 

I n  t h i s  study, t h e  s p a t i a l  p a t t e r n s  o f  enr ichment and d e p l e t i o n  o f  major, 
minor,  and t r a c e  elements have been expanded t o  i n c l u d e  f o u r  c a t e g o r i e s :  1) even 
d i s t r i b u t i o n ,  2 )  enr ichment a t  margins ( top ,  bottom, o r  bo th) ,  3 )  enr ichment a t  the  
center  o f  t h e  seam, and 4 )  i r r e g u l a r .  The p a t t e r n s  o f  enr ichment and d e p l e t i o n  are  
l i s t e d  i n  Table 111 f o r  Beulah and Center mine l i g n i t e  seams. 

The b u l k  c o a l s  were sub jec ted  t o  chemical f r a c t i o n a t i o n  a n a l y s i s  (3) which can 
be used t o  c a t e g o r i z e  how a p a r t i c u l a r  element i s  assoc ia ted  i n  t h e  coal .  The 
elemental  a s s o c i a t i o n s  w i t h i n  t h e  c o a l  were d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  1) i o n -  
exchangeable, 2,) ac id -so lub le ,  and 3 )  r e s i d u a l .  The elements a r e  a s s o c i a t e d  i n  t h e  
coa l  i n  one o r  more o f  t h e  groups descr ibed above. The c a t e g o r i e s  f o r  t h e  elements 
a re  l i s t e d  i n  Table 111. 

The organ ic  and i n o r g a n i c  a f f i n i t i e s  o f  elemental c o n s t i t u e n t s  have been 
determined by a number o f  i n v e s t i g a t o r s  (5.6). The r e l a t i o n s h i p  between the  
c o n c e n t r a t i o n  o f  an element i n  m o i s t u r e - f r e e  and t h e  ash conten t  can be used as 
a guide t o  t h e  a f f i n i t y  o f  t h a t  element f o r ,  o r  i n c o r p o r a t i o n  i n ,  t h e  minera l  m a t t e r  
o r  t h e  carbonaceous m a t e r i a l .  I f  t h e  c o n c e n t r a t i o n  o f  an element inc reases  w i t h  
i n c r e a s i n g  ash conten t  t h a t  element may be c h a r a c t e r i z e d  as b e i n g  assoc ia ted  w i t h  
t h e  i n o r g a n i c  species t h a t  fo rm ash, o r  i n  o t h e r  words may be s a i d  t o  have an 
i n o r g a n i c  a f f i n i t y .  I f  t h e  c o n c e n t r a t i o n  shows no c o r r e l a t i o n  w i t h  ash content,  
t h a t  element may be s a i d  t o  have an organ ic  a f f i n i t y .  L i n e a r  l e a s t  squares 
c o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  f o r  t h e  concent ra t ions  o f  t h e  elements 
versus t h e  ash content.  F o r  example, o rgan ic  and i n o r g a n i c  a f f i n i t i e s  f o r  elements 
from t h e  Center mine i n d i c a t e  t h e  f o l l o w i n g  a f f i n i t i e s .  Seven elements - Na, Ca, 
Mn, Br, Sr, Y ,  and Ba - had c o r r e l a t i o n  c o e f f i c i e n t s  below 0.200 and t h u s  show 
o r g a n i c  a f f i n i t y  i n  t h i s  s u i t e  o f  samples. An a d d i t i o n a l  seven elements - Mg, K, 
CU, As, Rb, Ce, and Eu - had c o r r e l a t i o n  c o e f f i c i e n t s  rang ing  f rom 0.201 t o  0.600 
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and may be assoc ia ted  w i t h  b o t h  the  carbonaceous and m ine ra l  p o r t i o n s  o f  t h e  coal .  
The remain ing 24 elements show i n o r g a n i c  a f f i n i t y .  

The i o n i c  p o t e n t i a l s  o f  a l l  t he  elements, Z/ r ,  where Z i s  t h e  i o n i c  charge and 
r i s  t h e  i o n i c  rad ius,  are summarized i n  Table 111. The i o n i c  p o t e n t i a l s  o f  
elements have a l a r g e  e f f e c t  on the a s s o c i a t i o n  o f  t h e  element i n  m ine ra l - fo rm ing  
processes (13). Elements hav ing  low i o n i c  p o t e n t i a l  ( Z / r  <3), such as sodium, 
magnesium, E d  ca lc ium, a s s o c i a t e  as hydrated ca t i ons .  I n s o l z l e  hyd ro l ysa tes  have 
i o n i c  p o t e n t i a l  o f  3 < Z / r  < 12, which i nc lude ,  f o r  example, t h e  elements aluminum, 
s i l i c a ,  and t i t a n i u m .  

The elements d i s p l a y i n g  an even d i s t r i b u t i o n  w i t h i n  t h e  coal seams have the 
f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  ion-exchangeable, 2 )  o rgan ic  a f f i n i t y  or bo th  organic  
and ino rgan ic ,  and 3) i o n i c  p o t e n t i a l  l e s s  than 3. The elements t h a t  are i nc luded  
i n  t h i s  group a r e  Na, Mg, Ca, Mn, S r ,  and Ba. S l i g h t  v a r i a t i o n s  i n  d i s t r i b u t i o n  
p a t t e r n s  and chemical f r a c t i o n a t i o n  behavior  may be i n d i c a t e d ;  these g e n e r a l i z a t i o n s  
were made on t h e  bas i s  o f  average t rends.  The elements showing enrichment o f  the 
margins i n  t he  l i g n i t e  seams d i s p l a y  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  chemical 
f r a c t i o n a t i o n  suggests a s s o c i a t i o n  w i t h  t h e  a c i d  s o l u b l e  and res idue  p o r t i o n s  o r ,  i n  
some cases, d i s t r i b u t i o n  i n  a l l  t h r e e  groups, 2 )  i n o r g a n i c  a f f i n i t y ,  and 3 )  i o n i c  
p o t e n t i a l  3 < Z / r  < 12. The elements t h a t  have these c h a r a c t e r i s t i c s  i n c l u d e  A l ,  
S i ,  C1, K, Sc, T i ,  V ,  C r ,  Co, Br ,  Zr, Ra, Cs, La, Ce, Sm, Eu, Yb, Th, and U. These 
elements are p r i m a r i l y  a s s o c i a t e d  w i t h  d e t r i t a l  c o n s t i t u e n t s .  The elements t h a t  
have a random o r  i r r e g u l a r  d i s t r i b u t i o n  w i t h i n  the  coal  seams, f o r  t h e  most p a r t ,  
have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  1 )  chemical f r a c t i o n a t i o n  behavior  which 
suggests t h a t  t h e  elements are i n s o l u b l e  and remain i n  t h e  res idue,  2 )  i n o r g a n i c  
a f f i n i t y ,  and 3 )  f o r m a t i o n  by a u t h i g e n i c  m i n e r a l i z a t i o n .  The elements i nc luded  i n  
t h i s  group are Fe, N i ,  Zn, As, Se, Cd, and Sb. The i r r e g u l a r  d i s t r i b u t i o n  of these 
elements i s  t he  r e s u l t  o f  syngenet ic  and ep igene t i c  m i n e r a l i z a t i o n  i n  t h e  fo rma t ion  
of s u l f i d e s .  A l l  o f  t hese  elements have c h a l c o p h i l i c  c h a r a c t e r i s t i c s .  

The p o s s i b l e  a s s o c i a t i o n s  o f  t he  elements i nc luded  i n  t h i s  s tudy are g i ven  i n  
Table I V  which summarizes d i s t r i b u t i o n  pa t te rns ,  chemical f r a c t i o n a t i o n  behavior ,  
o rgan ic  and i n o r g a n i c  a f f i n i t i e s ,  and i o n i c  p o t e n t i a l .  
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t a b l e  111. Q u a l i t a t i v e  Geochemlcal Relat ionshipr  Between Geochemical Proper t ies and Elemental D i s t r i b u t i o n  Y i t h i n  Seams 

Na 
n9 
A I  
s i  
P 
S 
c 1  
K 
Ca 
sc 
T i  
v 
C r  
M" 
Fe 
CO 
N i  
C" 
Zn 
Ge 
AS 
se 
Br 
Rb 
sr 
Y 
Zr 
R" 

2 
Sb 
CS 
ea 
La 
Ce 
sm 
E" 
Yb 
Th 
U 

D i s t r i b u t i o n  U i t h i n  L i g n i t e  Seams a t  t h e  Beulah nine 
Beulah Chemical 

Beulah Upper Lower F m c t i o n a t i m  
Orange P i t  Seam Seam Behavior A f f i n l t y  

E E 
E E 
r-tu HR 
1-HA IR 
w I R  
I R  I R  
E E 
E E 
E CE 
I HA 
1-HA IR 
E M 
M MA 
E 1-PA 
IR I R  
8-HA NO 
I R  E 
I R  E 
I R  w 
HI w 
IR IR 
CE I R  
8-HA MA 

E w 
I w 
1-MA w 
E E 
I R  w 
HI E 
I R  8 4 4  
r-w 8-n4 
E 1-HA 
8-HA I R  
8-MA IR 
M HR 
M HR 
I PA 
1-PA HR 
1444 HR 

m w 

Pat terns O f  D l s t r i b u t l m  

CE 
E 
B-HR 
E 
8-HA 
HA 
E 
E 
E 
PA 
8-PA 
8-WI 
8-HA 
T-MA 
8-PA 
ND 
HA 
8-PA 
M 
M 
I R  
8-PA 
CE 
M 
M 
M 
ND 
8-PA 

E 
8-HR 
8-HR 
T-MA 
PA 
8-MA 
E 
n4 
HA 
8-HR 
8-HR 

m 

IE Organic 
IE NC 
AS, RS Inorganic  
RS Inorganic  
w InDPgllniC 
RS.  IE organic 
w NC 
RS. AS Inorganic  
IE. As NC 
RS. AS NC 
RS Inorganic  
AS NC 
R S  I "0Pgd" lc  
AS,  I E  NC 
R S .  AS Inorganic  
AS, R S  Inorganic  
R S  inorganic 
ND lnOrgdniC 
R S  LnOrgdniC 
w w 
R S  Inorganic  
RS Inorganic  
m NC 
w No 
IE organic 
No No 
RS NO 
ND Inorganic 
w w 
RS NC 
RS Inorganic  

IE. AS NC 
RS Inorganic  

AS, R S  inorganic 
As. R S  Inorganic 
As, RS Inorganic 
AS, RS Inorganic  
AS. RS NC 
R S  Inorganic  
AS. R S  lnorganlc  

D i s t r i b u t i o n  W i t h i n  L i g n i t e  Seam at  t h e  Center nine 

P o t e n t i d l  
z/r 

Chemical Ion ic  
F r a c t i a n a t i m  

Behavior' Center 

E 
E 
MA 
HR 
I R  
PA 
8 4 4  
8-n4 
E 
PA 
8-HR 
8 4 4  
8-PA 
E 
HA 
HA 
PA 
8 4 4  
HA 
8-PA 
MA 
8-PA 
ND 
I R  
E 
I R  
HA 
8-HR 
MA 
I R  
8-HA 
8-HR 
HA 
8-HA 
PA 
HA 
PA 
PA 
PA 
PA 

- 
IE 
lE>>As 
AS. RS 
RS 
w 
RS. I E  
la 
I E .  AS. R S  
I E .  As 
As. R S  
RS 
AS. RS 
RS 
AS. I E  
AS 
As, R S  
R S  
R S  
w 
ND 
RS 
RS, I E  
w 
RS. AS 
I E  
w 
w 
NO 
w 
m 
AS. RS 
RS 
L E .  As 
AS. RS 
AS, RS 
AS 
As 

R S  
AS, R S  

'Cheml cal F r a c t i  onat 1 an Behavi or 

E - Even D i s t r i b u t i o n  
HA - E n r l r h m n t  a t  both margin 

7-M - Enrichnent a t  t o p  margin 
8-HA - Enrichment a t  battom m a r g i n  

CE - E n r i c h e n t  a t  t h e  center  o f  the seam 
IR - I r r e g u l a r  

10 - Not Determined 

I E  - Ion-exchangeable 
AS - Acid so lub le 
RS - Remains i n  t h e  res idue 
NC - No C o r r e l a t i o n  

A f  f i n !  t y  

Organlc 

Inorganic  
Inorganic  
Inorganic  
organic 
Inorganic  
Inorganic 
NC 
Inorganic  
Inorganic  
Inorganic 
Inorganic 
NC 
Inorganic  
Inorganic 
Inorganic  
I"0rgd"ic 
Inorganic  
w 
NC 
Inorganic  
0Pgd"lc 
M) 
Organic 
w 
Inorganic  
Inorganic  
Inorganic 

Inorganic  
Inorganic  
NC 
inorganic 
NC 
Inorganic  
NC 
Inorganic  
Inorganic 
Inorganic 

NC 

Inorganic  

1.0 
3.0 
5.9 
9.5 

14.1 
17.1 

0.13 
2.0 
3.7 
5.9 
4.0 
4.8 

2.516.7 
2.114.7 

0.68 
1.8 
3.4 
5.1 
6.0 

2.9 
3.1 
3.2 

3.9 
4.2 
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T a b l e  I V .  A s s o c i a t i o n  o f  E l e m e n t s  i n  N o r t h  D a k o t a  L i g n i t e s  

E lement  

Na 
Mg 
A1 
S i  
P 

S 
c1 
K 

Ca 
s c  
T i  
V 
Cr 
Mn 
Fe 
c o  
N i  
Zn 
As 
Se 
B r  
Rb 
Sr 
Y 
Zr 
Ru 
Ag 
Cd 
Ba 
La  
Ce 
Sm 
Eu 
Yb 
Th 
U 

P o s s i b l e  A s s o c i a t i o n  

O r g a n i c a l  l y  bound 
O r g a n i c a l l y  bound, c a r b o n a t e s  
C l a y  m i n e r a l s ,  p o s s i b l y  h y d r o x i d e  or c o o r d i n a t e d  
C l a y  m i n e r a l s ,  q u a r t z  
O r g a n i c a l l y  bound, phosphates* ,  a s s o c i a t e d  w i t h  r a r e  
e a r t h  e l e m e n t s  
S u l f i d e s ,  s u l f a t e s ,  o r g a n i c a l l y  bound 
I n o r g a n i c  a s s o c i a t i o n  
A s s o c i a t e d  w i t h  i l l i t e  and o t h e r  k - b e a r i n g  m i n e r a l s ,  
o r g a n i c a l l y  bound 
O r g a n i c a l l y  bound, c a r b o n a t e s  
I n o r g a n i c  a s s o c i a t i o n ,  c l a y  m i n e r a l s  
R u t i l e ,  a s s o c i a t e d  w i t h  q u a r t z  
P o s s i b l y  has  b o t h  an o r g a n i c  a n d  i n o r g a n i c  a s s o c i a t i o n  
T o t a l l y  an  i n o r g a n i c  a s s o c i a t i o n  
O r g a n i c a l l y  bound, c a r b o n a t e  m i n e r a l s  
O x i d e s ,  h y d r o x i d e s ,  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l e  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l e  s u l f i d e s  
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  s u l f i d e s  
May h a v e  an o r g a n i c  a s s o c i a t i o n  
O r g a n i c a l l y  bound 
O r g a n i c a l l y  bound 
I n o r g a n i c  a s s o c i a t i o n ,  p o s s i b l y  c a r b o n a t e s  
Z i r c o n  
I n o r g a n i c  
I n o r g a n i c ,  p o s s i b l y  s u l f i d e s  
I n o r g a n i c ,  p o s s i b l y  s u l f i d e s  
O r g a n i c ,  s u l f a t e s  
D e t r i t a l  i n o r g a n i c ,  p h o s p h a t e s *  
D e t r i t a l  i n o r g a n i c ,  p h o s p h a t e s *  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  
D e t r i t a l  i n o r g a n i c  

* M o n a z i t e  h a s  been f o u n d  i n  B e u l a h  l i g n i t e  samples  (12). 
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INTRODUCTION 

The main purpose of this paper i s  t o  c a l l  a t tent ion to  volcanic 
eruptions as a source of mineral matter in coal. Volcanic material i s  
a p t  t o  have mineral and chemical compositions as well as pat terns  of 
d i s t r ibu t ion  d i f f e r e n t  from the more usual types of mineral matter in 
coal .  Recognition of  volcanic material requires some understandinq of 
the process of or ig in ,  an awareness of the considerable var ie ty  of 
materials involved, and an appreciation of the tendency of volcanic 
materials t o  undergo substant ia l  a l t e r a t i o n  so t h a t  t h e i r  genesis i s  
obscured. 

Some comnents on terminology a r e  necessary. "Volcanic ash partings" 
here re fers  t o  sedimentary uni t s  bounded by organic-rich material (coa l ,  
l i g n i t e ,  o r  organic sha le)  and which were deposited a s  a i r - f a l l  volcanic 
ash with e s s e n t i a l l y  no subsequent t ransport  or mixing with terrigenous 
de t r ia l  s i l i c a t e s  ( c l a y ,  mud and sand) .  No spec i f ic  qrain s ize  or 
composition i s  implied. The term "tephra" i s  now commonly used for 
modern, una1 tered,  uncompacted mater ia l ,  while the term " tuf f"  i s  used 
f o r  the compacted ( rock)  equivalent. 

A volcanic or ig in  i s  obvious where there  i s  g l a s s ,  volcanic phenocrysts, 
charac te r i s t ic  mineralogy, o r  absence o f  terriqenous d e t r i t u s  and lack of 
sedimentary s t ruc tures  formed by moving water. 
however, there  i s  progressive a l t e r a t i o n  and loss  of recognizable volcanic 
features;  the p r o d u c t  i s  generally some kind of c lay uni t .  
term they might be ca l led  a l te red  t u f f s .  
known as bentonites; these a r e  usually montmorillonitic ( smect i t ic ) ,  
light-colored, and s t i c k y  when wet. I n  coals ,  par t icu lar ly  Carboniferous 
coals ,  they a r e  usually kaol in i t ic ,  light-colored and firm. We prefer 
the general term "a1 tered volcanic ash" because there  i s  considerable 
range in physical appearance, oriqinal and secondary mineraloqy, as  well 
a s  in the type of enclosing sediment. 

ORIGIN 

With .increasinq ape, 

As a qeneral 
Ir; marine shales they are  

Volcanic ash par t inqs i n  coals should not be surprisinq. The 
recent eruption of M t .  S t .  Helens spread volcanic ash across several 
western s t a t e s  and t r a c e s  of the d u s i  traveled around the world. 
however, where a recognizable layer  of t h i s  ash i s  l ike ly  t o  be preserved. 
On land, almost a l l  of i t  wi l l  be eroded by wind and water,mixed with 
terrigenous sand and clay,  and ultimately dispersed into lakes or  the 
ocean. An important exception i s  t o  be found in marshes or  swamps, the 
general se t t ing  in which plant  material accumulates t o  eventually become 
coal .  Once deposited in  a coal swamp, an ash f a l l  has a qood chance of 

Consider, 
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remaining undisturbed because the shallow water, lcw stream oradients ,  
lack of r e l i e f ,  and  sediment baffling e f fec ts  of veqetation minimize 
Processes t h a t  could cause reworking. Portions of such swsmps may be s o  
d is tan t  from major streams t h a t  they receive l i t t l e  or  no mud from over- 
bank floods. Thus i t  i s  l ike ly  t h a t  some ash f a l l s  would be b u r i e d  i s  
organic debris  (coa l )  and remain f ree  of non-volcanic material from 
f luvial  sources. 

a s h  partinqs and the coals t h a t  contain them: 
deposition provide one of the best places f o r  preservation o f  a i r - f a l l  
volcanic materials. 

however. 
r e l a t i v s l y  quiet  eruptions of mostly f lu id  lava. 
a human scale ,  these involve m l y  minor inject ion of fine-grained material 
into the upper atmosphere where i t  can be carr ied long distances by 
Prevailing winds. 
eruptive s ty les  are  l ike ly  t o  be important in  producing the t h i n ,  widespread 
uni ts  of ash most commonly preserved i n  the geoloqic record. 
of eruptions i s  re la ted to several fac tors ,  including ges content and 
Geometry o f  the vent. Of most importance here, however, i s  s i l i c a  content: 
s i l i c a  increases the viscosi ty  of maqma and the tendency toward explosive 
eruptions rather than quiet  flows. Thus volcanic a s h  partinqc in coals  
a r e  primarily the product of such s i l i c a - r i c h  eruptions; t h i s  has  important 
consequences in terms of the composition of the ash, as  will be discussed 
l a t e r .  

F I E L D  APPEARANCE OF V O L C A N I C  ASH PARTINGS IN COALS 

I t  follows then t h a t  there i s  a genetic re la t ionship between volcanic 
environments of coal 

Not a l l  kinds of volcanic ash  have the same chance of such preservation, 
Many volcanoes, such as those in Haweii, a r e  characterized by 

Though spectacular on 

Only volcanoes characterized by par t icu lar ly  violent  

The explosiveness 

Most vclcanic a s h  partings are  th in ,  rangjnp from 1 mn t o  a few cm. 
A few, however, a t t a i n  thicknesses of more t h a n  1 m. Sone are uniform 
in thickness and have e i t h e r  sharp or  gradational boupdaries with the 
enclosing coal. Many, however, pinch and swell rapidly and may cons is t  
of a se r ies  cf lenses ra ther  than continuous beds, a feature they share 
Mith Carboniferous tonsteins  (Williamson, 197C). Liqht shades of Way, 
brown, o r  yellow a r e  most common, ref lect ing a lower orqanic content 
t h a n  the adjacent coal. Black and d a r k  brown partings a l so  occur, and  
sometimes these bcconie obvious Only a f t e r  weathering; the oxidation of 
organic matter then resu l t s  in  a light-colgred surface layer o f  s i l iceous  
mater ia l .  Figure 1 shows the most common f i e l d  appearance; i n  t.his case 
for a Cretaceous example from southern Alaska. 

To a large extent the orain s ize  and degree of induration of these 
partings depends upon the amount of post-depositional a l t e r a t i o n ;  t h i s  
in turn i s  largely a function cf aqe and d e p t h  of burial .  For example, 
l igni- tes  almost 4-5 m.y. old in southern Alaska contain partinqs t h a t  
a re  loose and sandy;.in f a c t  they a re  c lear ly  recognizable volcanic ash  
consisting mostly of glass  shards. 
in Kentucky bituminous coal a re  hard and very f ine  grained. 
was s imilar  t o  the Alaskan exaiiiple a t  f i r s t ,  b u t  has completely a l te red  
t o  a compact variety of kaolin known as f l i n t  clay. 

I 

I n  cont ras t ,  300 m.y. o l d  partinqs 
The l a t t e r  probably 
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COMPOS 1'1 ION 

Composition of the psrtings i s  a function of both  the oriqinal 
materia-Is arid conditions, and  the kind and extent of post-depositional 
modification. Therefore i t  i s  necessary t o  consider the primary conposition 
(or ig ina l )  separately from the secondary composition ( a l t e r e d ) .  

Primary Composition 

The sol id  products of explosive volcanism include individual glass  
fragments, individual c rys ta l s  (phenocrysts), and aayregates of these 
known as rock fragments. Glass i s  perhaps the most common component b u t  
there  i s  a great  var ie ty  aiiiong modern volcanics. A given volcano may 
e j e c t  different  material over i t s  eruptive l i fespan.  Even a s ingle  
eruption, las t ing  perhaps only a few days, mey iwolve  changes in ash 
composition. 

components. By f a r  t h e  most abundant are quartz, sanidine and plaqioclase 
feldsphrs, cer ta in  pyroxenes and amphiboles, magnetite, a p a t i t e ,  b i o t i t e ,  
and  zircon. 
const i tute  evidence of a volcanic or igin.  Certain crystal  forms, such 
a s  the beta form of quartz and hexagon31 prisms of b i o t i t e ,  a re  par t icular ly  
useful indicators  of or jg in .  Similarly, the presence o f  sanidine, the 
hiah-temperature form of potassium feldspar ,  silngests a volcanic or ig in .  
On the other h a n d ,  the presence of fion-volcanic minerals such as  muscovite 
and  garnet indicates  a non-volcanic or igin cir a t  l e a s t  some admixture of 
non-volcanic (probably f luvial  ) material .  

the magma. As noted e a r l i e r ,  explosive behavior, the kind most l i k e l y  
to  produce ash  par t inos in coals ,  i s  charac te r i s t ic  of s i l i c a - r i c h  
maqmas. Thus  the minerals c i ted above, and those to  be expected in  
volcanic ash par t ings,  are  those associated with s i1  ica-r icb magmas. 
The glass phase w i l l ,  o f  course, a l so  re l fec t  th i s  s i l i c a - r i c h  tendency. 

Original grain s i z e  of an ash parting re f lec ts  the texture  of the 
material produced by a given vol'cano plus the progressive loss  of coarser 
and denser components a s  a n  ash clcud moves downwind. I n  other words, 
texture i s  in par t  a function of distance from the source volcano. By 
f a r  the most common ash partings in coal are thin,  uniform and widespread. 
These probably were derived from dis tan t  volcanoes a n d  consisted or iq ina l ly  
of s i l t -and clay-sized par t ic les  carr ied by liigh-a1 t i t u d e  winds .  Conversely, 
w h e r e  ash partings are coarse-grained, thick, a n d  a b u n d a n t ,  the volcatiic 
source i s  assumed t o  have been re la t ive ly  close. 

Volcanic ashes a r e  characterized by a limited s u i t e  of mineral 

The presence of these micerals and the absence of others  

The specif ic  minerals present r e f l e c t  the original compositions of 

Secondary Composition 

The primary composition discussed above i s  important here in t h a t  
i t  determines in par t  the f inal  products of a l te ra t ion .  I t  should be 
noted, however, that  the  factors  controlling t h e  degree and direct ion of 
a l te ra t ion  have n o t  been thorouqhly studied. I n  our opinion, chemical 
a l te ra t ion  in the environment of deposition and  the lencrth of  time 
involved are  probably more important t h a r l  original composition in deteriiiinins 
the final product. 
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The main secondary products a re  c lay niinerals, e i t h e r  smectite o r  
kaol ini te .  These clay minerals are derived mainly and most readi ly  from 
glass ,  but. fe ldspars ,  amphiboles, pyroxenes, and b i o t i t e  a l so  a l t e r  in 
Part to clay minerals. The a l te rd t ion  to  kaol ini te  involves e s s e n t i a l l y  
complete removal of soluble components such as  Na, Ce, Mq, K and Fe a s  
well as considerable s i l i c a .  Pure kaol ini te  consis ts  cf equal par ts  of 
s i l i c a  and alumina an: v i r tua l ly  nothing else-- this  i s  t h u s  the  product 
Of  very intensive leaching. Smcctite on the other hand requires some Mq 
and more s i l i c a ;  i t  i s  thus the product of less  intensive leaching than 
t h a t  whjch produces kaol ini te .  

kzol ini te  or must pass through a smectite intermediate staqe. 
the thickness of the  original ash can play a ro le :  
a l tered completely t o  kaol ini te  while adjacent thicker partinas contairl 
substantia: smectite (Triplehorn and Bohor, 1981 ; Reinink-Smith, 1982). 
C-iven more time and fur ther  leaching, these smectitic partinqs presumably 
would eventually be al tered t o  kaol ini te .  O n  the other hand, individual 
minerals such as feldspars and b i o t i t e  cdn be observed a l te r ing  d i rec t ly  
t o  kaol ini te  without any smectite involvement. 

var ie ty  of other  secondary minerals may occur in a l tered volcanic 
ash partings. Some of these may be related t o  modification of the 
primary constituents b u t  others are  more l ike ly  introduced by ground 
water taking advantage of the higher permeabil i t i e s  of volcanic ash 
layers  re la t ive  t o  the adjacsnt. organic material (now coal ) .  Carbonate 
minerals in quant i t ies  t o o  large t o  have been derived en t i re ly  from the 
primary volcanic material are not uncmmon. S ider i te  i s  most abundant 
althcugh dolomite sometimes i s  present. Such cementation may obscure 
the  volcanic origin of the original layer because well cemented par t inas  
a r e  s imilar  in appearance t o  the purely sedimentary carbonate layers  
tha t  are very commonly associated with coals. 

Recently occurrences of unusual a1 uminum phosphate minerals have 
been found with ash partings ii1 coals (Triplehorn and Bohor, 1983). 
Since that  report we have found a nunber of occurrences in Alaska and 
one in  the Appalachian area.  These minerals were grouped by Palache 
a l .  (1951) as the plumbogummite ser ies ,  with the general formula X 
q ( P O  )2 (OH)  F 0 .  
X = S r j ,  gorc2iaite (Ba), c randal l i te  ( C a ) ,  and f lorenc i te  (Ce, U ,  and 
other rare e a r t h s ) .  Some layers in Alaska are  suf f ic ien t ly  radioactive 
t o  give a d is t inc t  reading on hand-held radiation detectors  in the  
f i e l d .  

DISTRIBUTION 

I t  i s  uncertain whether the path of a l te ra t ion  can lead d i r e c t l y  t o  
Certainly 

thin par t ings may be 

End members of in te res t  here include cloyazite (where 

pecause many geologists a re  not aware t h a t  volcanic a s h  partinqc 
occur in coals i t  i s  d i f f i c u l t  to  in te rpre t  the absence of published 
reports regarding t h e i r  occurrences. 
probably much greater  than presently recoqnized. 
regarding the i r  dis t r ibut ion are  mainly limited t o  Ncrth America and a re  
based primarily on o u r  own observations, discussions with others ,  and 
interpretat ion of published reports .  Specific references t o  recognized 
~,olcanic ash parting5 in coals are  re la t ive ly  few and res t r ic ted  mostly 
to  the past few years. 

The abundance o f  such partinqs i s  
The followinq genera l i t i es  
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I n  simple terms ash partings are  re la t ive ly  a b u n d a n t  in Cretaceous 
and Tertiary coals  of the  West and rare in Carboniferous coals of the 
East. We are  l e s s  c e r t a i n  of the Gulf Coast Tert iary l ign i tes  b u t  they 
appear to have  a t  l e a s t  a moderate abundance of such partinqs. TG a 
degree t h i s  apparent d i s t r ibu t ion  i s  related t o  the fac t  tha t  the volcanic 
or ig in  of the younger ash beds i s  more apparent, while older partings 
commonly appear as  k a o l i n i t i c  clay beds with l i t t l e  evidence of t h e i r  
volcanic heritage ( see  Bohor and Tripleborn, 1981). 
no question t h a t  the absolute frequency i s  hiaher in the West. 

present ash partings may be dis t r ibuted sparsely b u t  uniformly or 
concent.rated i n  j u s t  a few coals .  Figure 2 shows an  example in Southwestern 
Washington, in t h i s  case including both kaol in i t ic  and smectitic partings 
(Reinink-Smith, 1982). 
volcanic ash partings a r e  know!: from numerous coals in Utah, New Mexico, 
Colorado, Wyoming, Montana and Washington (Bohor, e t  a l .  1978; Triplehorn and 
Bohor, 1981). Again, t h e  frequency i s  highly variable. Individual 
coals  in Mont.ana and Colorado contain u p  t o  twenty o r  more ash par t inas ,  
while the unusually th ick  coals  of the Powder River Basin contain almost 
none. I n  Alaska, volcanic ash partinps a r e  present in a l l  of the Cretaceous 
and Tert iary coais we have examined, but. appear t o  be par t icular ly  
abundant in the CoGk In1 e t  area,  

In the Appalachian coal basin and the Eastern In te r ior  Basin, where 
we have had l e s s  experiencel a s h  partings appear t o  be rare  (Bohor and 
Triplehorn, 1982). The lack of ash partings in Carboniferous coals of 
eastern North America cont ras t s  with t h e i r  abundance in European coals 
of the same age. 
t h e i r  volcanic or igin was not generally accepted until the l a s t  f w  
decades. Bouroz,  e t  a l .  (1983) provides a good recent summary of some 
of t h i s  work in E n g i s h .  

SIGNIFICANCE 

Everi so,  there i s  

Where many coals a re  Loc?lly the abundance can be highly var iable .  

I n  the  West, where most of our work has been, 

These have been studied f o r  aver a century although 

The geologic importance of volcanic ash partings in coals has been 
summarized previously by Triplehorn (1976). 
t h e i r  use in  c o r r e l a t i o n ,  the process of determining the time relat ionships  
among rocks exposed a t  d i f f e r e n t  l o c a l i t i e s .  
marker beds, where individual ash f a l l s  can be recognized and distinquished 
from others on the basis  o f  some textural o r  compositional aspect. Beds 
containing the same a s h  layer (whether in coal o r  any other rock type) 
a re  the same age, although the absolute aqe ( i n  years)  i s  n o t  indicated. 
Happily, the absolute age can sometimes be determined by radiometric aae 
dating of cer ta in  minerals i n  the  ashes. Potassium-arqon dating i s  used 
f o r  such minerals a s  fe ldspar  and hornblende, while f iss ion-track 
datinq may be used f o r  zircon and apa t i te .  

the high rad ioac t iv i ty  of cer ta in  ash partings (he cal led them tonsteins)  
tha t  made them useful in  bore-hole s tudies  because they appeared a s  
sharp maxima on gamma-ray logs of coal beds. Such maxima are  conspicuous 
because coals are generally known f o r  t h e i r  absence of radioact ivi ty .  

Of qrea tes t  importance i s  

The simplest use i s  a s  

I t  may be o f  interest here t o  note t h a t  Williamson (1970) mentioned 
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He ascr ibed the  h igh  r a d i o a c t i v i t y  o f  these p a r t i n q s  t o  an unusual 
abundance o f  z i r cons .  We have no s p e c i f i c  knowledge o f  these occurrences, 
bu t  suggest t h a t  the  h igh  r a d i o a c t i v i t y  migh t  ins tead be r e l a t e d  t o  

I 

\ uranium-bearing phosphate minera ls .  

Thus f a r  geo log i s t s  have pa id  l i t t l e  a t t e n t i o n  t o  the  s i g n i f i c a n c e  
of ash pa r t i ngs  as i n d i c a t o r s  o f  processes and cond i t i ons  i n  the coa l -  
forminq environment. For example, t h i n  widespread p a r t i n g s  w i thou t  
pene t ra t i ng  p l a n t  ma te r ia l  suggest t h a t  these o r i g i n a t e d  as ashes t h a t  
f e l l  i n t o  shallGw standing water. Thick ashes should have a f f e c t e d  the  
k i n d  and amount o f  veqeta t ion ,  and i n d i r e c t l y  t he  na ture  o f  t he  coal  
immediately o v e r l y i n g  t h i c k  ash beds. As y e t  there  i s  l i t t l e  data i n  
these aspects because geo log is t s  have no t  recognized the  p o t e n t i a l  value 
of  such s tud ies .  

some pa r t i ngs  may be o f  vo lcan ic  o r i g i n  may be usefu l  i n  exp la in ina  the  
d i s t r i b u t i o n  o f  some o f  these l a y e r s  and the occurrences o f  some unusual 
components, such as s t ron t ium,  phosphate, o r  uranium. Volcanic ash 
p a r t i n g s  a re  l i k e l y  t o  be more widespread and un i fo rm i n  tex tu re ,  composi t ion 
and th ickness  than the  more cnmmon p a r t i n q s  o f  f l u v i a l  o r i g i n .  
a l s o  more l i k e l y  t o  show marked d i f f e r e n c e s  from l a y e r  t o  l a y e r ,  and 
more l i k e l y  t o  con ta in  e x o t i c  minera l  o r  chemical components. 

For those i n t e r e s t e d  i n  minera l  ma t te r  i n  coal  an awareness t h a t  

They are  

I 

I 
/ 
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REACTIONS AND TRANSFORMATIONS OF COAL MINERAL 
MATTER AT ELEVATED TEMPERATURES 

G. P. Huffman and F. E. Huggins 

U. S. S t e e l  Corporation Technical  Center 
Monroeville,  PA 

In t roduc t ion  

Coal con ta ins  a v a r i e t y  of i no rgan ic  c o n s t i t u e n t s  t h a t  exh ib i t  d e l e t e r i o u s  
behavior i n  most p rocesses  t h a t  attempt t o  convert  t h e  energy i n  coa l  t o  a u se fu l  
form. A s  coa l  i s  hea ted ,  t h e  inorganic  phases undergo t ransformations and reac- 
tions t h a t  y i e l d  a complex mixture  of s o l i d ,  molten, and v o l a t i l e  spec ie s .  These 
spec ie s  g ive  r i s e  t o  s l agg ing  and fou l ing  depos i t s ,  corrosion,  p o l l u t i o n ,  and o the r  
problems. Although such problems a r e  usua l ly  a s soc ia t ed  with the  combustion of 
coal  t o  produce e l e c t r i c a l  power, they a r e  a l s o  common i n  coa l  g a s i f i c a t i o n  and 
l i que fac t ion ,  cokemaking, and iron production. 

The cu r ren t  paper w i l l  b r i e f l y  review re sea rch  on t h i s  topic .  

Nature of the Inorganic  Cons t i t uen t s  of Coal 

It i s  common p r a c t i c e  to make a d i s t i n c t i o n  between t h e  inorganic  cons t i t -  
uents  of so-cal led "Eastern" and "Western" coa l s .  By d e f i n i t i o n ,  Western coa l s  a r e  
those fo r  which the  CaO+MgO conten exceeds t h e  Fe203 content  of t h e  a sh ,  while  t he  
reverse  is t r u e  fo r  Eas t e rn  coals. ' )  The inorganic  c o n s t i t u e n t s  i n  Eastern coa l s ,  
which a r e  p r i n c i p a l l y  bituminous i n  rank, a r e  predominantly i n  the  form of d i s c r e t e  
mineral  p a r t i c l e s .  Clay minerals  ( k a o l i n i t e ,  i l l i t e )  a r e  usua l ly  dominant, 
followed by qua r t z  and p y r i t e .  The range and t y p i c a l  values  of t he  mineral  d i s t r i -  
but ion and ash chemistry of Eas t e rn  coa l s  a r e  shown i n  Table I. These d a t a  were 
determined from computer-controlled scanning e l e c t r o n  microscopy (CCSEM), Mossbauer 
spectroscopy, and o t h e r  measurements on over a hundred coa l s .  

Western coa l s  a r e  usua l ly  l i g n i t e s  or subbituminous coals .  The range and 
t y p i c a l  values  of t h e  ino rgan ic  phase d i s t r i b u t i o n  and a sh  chemistry of approxi- 
mately 20 Western c o a l s  examined i n  t h i s  laboratory a r e  shown i n  Table 11. In a 
recent  paper,  w e  discussed the  d i f f e rences  begyeen t h e  inorganic  cons t i t uen t s  of 
low-rank coals and t h o s e  of bituminous coals .  These d i f f e rences  occur i n  t h e  
calcium-, i ron- ,  and a lka l i - con ta in ing  phases. I n  bituminous coa l s ,  t h e  calcium 
content  is  t y p i c a l l y  l o w  (CaO <5% of a sh )  and a l l  calcium i s  contained i n  t he  
mineral ,  c a l c i t e .  The calcium content  of l i g n i t e s  is high (CaO %lo  t o  30% of ash)  
and t h e  calcium i s  molecular ly  dispersed throughout t h e  coa l  macerals as s a l t s  of 
carboxyl ic  ac ids .  The l a t t e r  point  has been d$rgyt ly  confirmed by EXAFS (extended 
X-ray absorpt ion f i n e  s t r u c t u r e )  spectroscopy. ' Simi la r  d i f f e rences  occur f o r  
the a l k a l i  elements.  Minerals  such as i l l i t e ,  which accounts  f o r  most of the 
potassium i n  bituminous coa l ,  a r e  usua l ly  low i n  l i g n i t e  and subbituminous coa l  
( s ee  Tables I and 11) .  
S a l t s  of humic or ca rboxy l i c  ac ids .  Montmoril lonite and h a l i t e  (NaC1) a r e  t h e  
dominant Na-containing minerals ,  and they occur i n  both bituminous and lower rank 
coal .  
ferrous-bear ing c l ays  ( i l l i t e ,  c h l o r i t e ) ,  and carbonates  ( s i d e r i t e ,  anke r i t e ) .  
In l i g n i t e s ,  on ly  p y r i t e  and i t s2yea the r ing  products ( i r o n  s u l f a t e s  and oxyhy- 
droxides)  a r e  normally observed. 

I n  l i g n i t e s ,  sodium and potassium a r e  bel ieved t o  occur as 

The iron-bearing minerals in unoxidized bituminous coa l s  include py r i t e4 )  
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The d i v e r s i t y  of t ransformations and r eac t ions  t h a t  such complex assem- 
blages of inorganic  mat ter  can undergo when coa l  i s  combusted or otherwise 
converted t o  a more use fu l  form of energy is  too complex t o  be discussed i n  any 
d e t a i l  i n  a sho r t  a r t i c l e .  Our i n t e n t i o n ,  t h e r e f o r e ,  is  simply t o  o u t l i n e  some of 
t he  major phenomena and t o  provide t h e  reader  with u s e f u l  references.  Most of t h e  
a r t i c l e  w i l l  dea l  with r eac t ions  and t ransformations r e l a t e d  t o  coa l  combustion, 
with a s h o r t  s ec t ion  devoted t o  o the r  conversion processes.  

Slagging Behavior; Ash Mel t ing  

During pulver ized-coal  combustion, atmospheric condi t ions w i t h i n  the  coa l  
flame a r e  considered t o  be reducing i n  t h e  sense t h a t  t h e  s t a b l e  i o n i c  form of iron 
is ferrous.  Af t e r  a s h  p a r t i c l e s  have l e f t  t h e  flame region,  they encounter a more 
oxidizing environment, y i e ld ing  depos i t s  and f l y  a sh  i n  which t h e  iron may be pre- 
dominantly f e r r i c  o r  a mixture of f e r rous  and f e r r i c ,  dependent on t h e  air- to-fuel  
r a t i o .  Consequently, i t  is important t o  understand t h e  high temperature  r eac t ions  
of a sh  cons t i t uen t s  both types of environment. This  point  is recognized i n  t h e  
ASTM ash-fusion tes t"  which s p e c i f i e s  measurement of t h e  fusion temperatures of 
ash cones i n  both a reducing (60% CO, 40% COz) and an ox id iz ing  ( a i r )  atmosphere. 
Numerous empir ical  formulae have been developed t o  p red ic t  ash-fusion temperatures  
(AFTs) and the  v i s c o s i t i e s  of molten coal-ash s l a g s  a t  higher  temperatures from ash 
composition. Detai led d i scuss ions  of t hese  f y g y j g e  and t h e i r  physical  hagjs  have 
been given by Winegartner and h i e  s s o c i a t e s ,  by Watt and Fereday, ' and i n  
a recent review a r t i c l e  by Reid. O7 The dominant parameter i n  t hese  r e l a t i o n s h i p s  
i s  usua l ly  t h e  base-to-acid r a t i o ,  where "base" and "acid" a r e  simply t h e  sums of  
the weight percentages of t h e  bas i c  and a c i d i c  oxides:  

Rase = Fe 0 + CaO + K 2 0  + Na20 + MgO (1) 

(2) 

2 3  

Acid = Si02 + A1203 + T i 0 2  

Recently,  we  examined t& behavior of a sh  fus ion  temperatures  i n  t h e  con- 
t e x t  of t e rna ry  phase diagrams. 
t he  dependence of AFTs on chemical composition and t h e  l i qu idus  curves i n  appro- 
p r i a t e  regions of t h e  Fe0-Si02-A1203, Ca0-Si02-A1203, and K20-Si02-A1203 phase dia-  
grams. The development of t h e  Base-Si0 -A1 O3 phase diagrams f o r  t h e  p red ic t ion  of 
ash behavior appears t o  be a f r u i t f u l  asea ?or f u t u r e  research.  An example of such 
a phase diagram is shown i n  Figure 1 where ash-softening temperatures  (ST. reduc- 
ing)  a r e  p l o t t e d  i n  what is e f f e c t i v e l y  the  "mull i te"  region of a Base-Si02-A1203 
phase diagram. 
curves i n  t r u e  t e rna ry  diagrams. 

) Sign i f i can t  similari t ies were observed between 

The curves of eqt& ST e x h i b i t  g r e a t  s i m i l a r i t y  t o  t h e  l i qu idus  

The arrow i n  Figure 1 i l l u s t r a t e s  t h e  use of t h e  phase diagram t o  p red ic t  
STs. I n  t h i s  i n s t ance ,  a bituminous coa l  with a low ST was blended with two other  
coa l s  t o  y i e ld  a product with a much higher  ST. The blend was chosen with t h e  aim 
of moving t h e  composition of ash i n  a d i r e c t i o n  approximately normal t o  t h e  equal  
ST curves.  The predicted and observed STs of t h e  o r i g i n a l  coa l  and t h e  blend a r e  
shown i n  t h e  in se t  of Figure 1. The p red ic t ed  values  s r e  probably not as  accu ra t e  
as could be obtained with e x i s t i n g  empir ical  formulae,  bu t  they a r e  neve r the l e s s  
q u i t e  reasonable.  

Ternary and more complex phase diagrams can a l s o  con t r ibu te  t o  in t e rp re t a -  
t i o n  of t he  r eac t ions  t h a t  l ead  t o  ash melting. I n  a reducing environment 
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(60%CO-40%CO2), the important r ea f5 iyy j  f o r  Eastern coa l s  occur pr imar i ly  wi th in  
the  Fe0-Si02-A1 0 phase diagram. ’ Using a v a r i e t y  of techniques [Mossbauer 
spectroscopy, computer-controlled scanning e l ec t ron  microscopy (CCSEM), X-ray d i f -  
f r ac t ion  (XRD)] t o  i n v e s t i g a t e  quenched ash samples hea t  t r e a t e d  under condi t ions  
s imi l a r  t o  the  ASTM ash-fusion test, it was e s t ab l i shed  t h a t  most Eas te rn  coa l  
ashes exh ib i t  behavior similar t o  t h a t  shown i n  the schematic diagram of F igure  2. 
Here, phases t h a t  a r e  molten a t  e l eva ted  temperatures appear as g l a s s  phases in the  
quenched specimens. The potassium-containing c l ay  minera l ,  i l l i t e ,  appears t o  be 
the  f i r s t  phase converted t o  a p a r t i a l l y  molten form; presumably t h i s  is because ~5 
t he  numerous low-temperature e u t e c t i c  po in t s  i n  the K 0-Si0 -A1 0 phase diagram. 
A t  approximately 900°C, wus t i t e ,  derived from p y r i t e  and o t t e r  Zran-rich minerals,  
begins t o  r e a c t  with qua r t z  and a luminos i l i ca t e s  derived from c l a y  minera ls  t o  pro- 
duce a mixture of w u s t i t e ,  f a y a l i t e  (Fe Si0 ), and fe r rous-conta in ing  m e l t  phase. 
A t  somewhat h igher  tempera tures  (%105Ooi?), Paya l i t e  has been l a rge ly  incorporated 
in to  the  m e l t  phase, and f e r rous  iron may r e a c t  wi th  a luminos i l i ca t e s  t o  form her- 
cyn i t e  (FeA1 0 ). This reac t ion  r e t a r d s  melting somewhat and its importance i s  re- 
l a t ed  t o  the2A? O3 con ten t  of t he  ash. Essen t i a l ly  a l l  of t h e  iron i s  contained in 
the  melt phase tor samples quenched from above 1200°C, as shown in Figure  3. Above 
1200°C, reducing, most Eas te rn  ashes (%Base <30X) a r e  a mixture of  molten alumino- 
s i l i c a t e s .  m u l l i t e ,  q u a r t z ,  and minor cons t i t uen t s  such a s  iron s u l f i d e ,  which is 
a l so  molten, but is immiscible with t h e  viscous s i l i c a t e  melt. 

2 3  

) 
2 

Simi la r ,  but l e s s  ex tens ive  experiments12qve a l s o  been performed on ash 
Below approximately 1200°C, samples quenched from h igh  temperatures in a i r .  

e s s e n t i a l l y  a l l  of t h e  g l a s s  observed i n  the  samples is derived from the  potassium- 
bearing c lay  mineral i l l i t e .  Melting acce le ra t e s  above approximately 130OOC and 
approaches completion f o r  most Eas te rn  ashes a t  temperatures of the  o r d e r  of 1500’C. 
In an oxid iz ing  environment, calcium appears t o  be a more e f f e c t i v e  f l u x  than f e r r i c  
iron. 

In both reducing and oxid iz ing  atmospheres, s i g n i f i c a n t  p a r t i a l  melting of 
ash occurs a t  t empera tures  w e l l  below t h e  i n i t i a l  deformation temperature (IDT). 
It is not uncommon t o  observe up t o  50 percent of t h e  ash  in t he  form of g l a s s  a t  
quenching temperatures a s  low as 200 t o  40OoC below t h e  IDT. Such p a r t i a l  melting 
i s  important in depos i t  formation. Not su rp r i s ing ly ,  t h e  amount of g l a s s  observed 
a t  a given temperature inlg:lgfidizing atmosphere is s i g n i f i c a n t l y  less than tha t  
in a reducing atmosphere. 

Fouling; V o l a t i l e  Spec ies  

Fouling gene ra l ly  r e f e r s  t o  t h e  formation of depos i t s  on convective heat-  
t r a n s f e r  su r f aces  a t  r e l a t i v e l y  low temperatures (600 t o  1000°C). en t  d i s -  
cussions of t h i s  problem have recenfay  been given by Wibberly and W%e33 and in 
t he  genera l  review a r t i c l e  by Reid. Alka l i  elements (Na, K) a r e  t h e  p r inc ipa l  
c u l p r i t s  in t h e  formation of such depos i t s .  Within t h e  flame, t hese  elements be- 
come v o l a t i l i z e d .  The ease  of v o l a t i l i z a t i o n  is r e l a t e d  t o  the  form in which the 
a l k a l i e s  a re  present in t h e  coa l .  
be e a s i l y  v o l a t i l i z e d  a t  t y p i c a l  flame temperatures (1400-15OO0C), a s  would NaC1, 
the  most common form of  sodium in bituminous coa l .  Potassium conta ined  in i l l i t e  
would not be expected t o  v o l a t i l i z e  a s  r ead i ly ;  i l l i t e  should r ap id ly  convert  t o  a 
molten s l a g  these  temperatures.  For t h i s  reason, t h e  water-soluble a l k a l i  con- 
t e n t  of coala5 i s  considered t o  be a more r e l i a b l e  i n d i c a t o r  of f o u l  than the  
t o t a l  a l k a l i  conten t ,  at l e a s t  f o r  Eas te rn  coa ls .  Wibberly and Wallf” l i s t  Na. 
NaOH, and NaCl a s  l i k e l y  gaseous spec ie s ,  dependent on ch lo r ine  conten t  of 
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t he  coa l ,  flame temperature,  and oxygen po ten t i a l .  Nonchloride spec ie s  a r e  
probably rap id ly  converted t o  oxides (Na20, K20) on leaving  the  flame f r o n t .  
v o l a t i l e  a l k a l i e s  may condense on t h e  su r faces  of f l y - a s h l q r t i c l e s  c a r r i e d  by the  
f l u e  gas or on cooler  b o i l e r  sur faces .  performed drop-tube 
experiments i n  which s i l i c a  p a r t i c l e s  were exposed t o  syn the t i c  combustion gases 
conta in ing  sodium a t  temperatures of 1200 t o  1600OC. Sodium s i l i c a t e  l a y e r s  rang- 
ing  i n  thickness from 0.03 t o  0.3 pm were observed on the  p a r t i c l e  s u r f a c e s ,  and 
s in t e red  depos i t s  formed r ap id ly  on s t a i n l e s s  s t e e l  probes in se r t ed  i n t o  t h e  lower 
pa r t  of the  furnace.  Such a l k a l i - s i l i c a t e  l aye r s  a r e  molten a t  t he  temperatures o f  
i n t e r e s t .  The th ickness  of the  sodium s i l i c a t e  l aye r s  was decreased by a f a c t o r  of 
t h ree  when the  sodium was introduced in the  form of NaC1, r a the r  than in chlor ine-  
f r e e  forms. 

The 

Wibberly and Wall 

10) An exce l l en t  review of t he  r o l e  of a l k a l i  s u l f a t e s  is  given by Reid. 
Below 11OO"C, a l k a l i  oxides and ch lo r ides  r eac t  r ap id ly  with SO2 and O2 or SO 
form condensed s u l f a t e s  on fly-ash p a r t i c l e s  and metal sur faces .  
low melting po in t s ,  a l k a l i  s u l f a t e s  a r e  very cor ros ive ,  and form s t rong ly  bonded 
depos i t s .  
a r e  882'C and 1O7S0C, r e spec t ive ly ,  and the  minimum melting point of Na SO -K $0 
mixtures is  833°C. K2S04-CaS0 and Na S O  -CaS04 a r e  a l s o  commonly obsezvei 1 ~ 2 x 1 ~  
t u r e s ,  which exh ib i t  mel t ing  po in t s  in the  range from 870 t o  97OoC. 
content of the  atmosphere is s u f f i c i e n t l y  high, t h e  py rosu l f a t e s ,  K2S207 and 
Na2Se07, may be formed from K SO and Na SO 
pera ures :  400'C f o r  Na2S207 &1d~300~C f z r  ft;S20,. Crossley 
rap id  metal wastage is caused by the  r eac t ion  of t h e  pyrosul fa tes  wi th  Fe 0 
form lowlne l t ing  poin t  (<6OO0C) a lka l i - i ron  t r i s u l f a t e s :  

t o  
Because of ? h e i r  

The mel t ing  po in t s  of t h e  most e a s i l y  formed s u l f a t e s ,  Na2S04 and K S O 4 ,  

4 2 4  I f  t he  SO3 

These phases yg)t a t  very low tem- 
has  suggested t h a t  

2 3 to  

I 

t 
I 

17)  where M = Na or  K. This point of view i s  supported by the  work of Coats e t  a l .  
which e s t ab l i shed  t h a t  l i q u i d  mel t s  containing up t o  90 percent py rosu l f a t e  can be 
formed from Na SO -K SO 
t u r e s  down t o  3356C.2 S ich  SO leve ls16fn  be r ead i ly  reached v i a  c a t a l y t i c  oxida- 
t i o n  of SO2 i n  t he  presence 02 Fe203. 

CCSEM ana lyses  of fou l ing  depos i t s  from a b o i l e r  furnace i n  which a North 
Dakota l i g n i t e  had been f i r e d  a r e  given i n  Table 111. Although the  depos i t s  con- 
s i s t e d  p r inc ipa l ly  of calcium-enriched a luminos i l i ca t e s ,  they a l s o  contained smal l  
bu t  s i g n i f i c a n t  amounts of a l k a l i  s u l f a t e s ,  intermixed with calcium s u l f a t e .  Re- 
cen t ly ,  we conducted potassium K-edge X-ray absorp t ion  spectroscopy (US) measure- 
ments on one of t hese  samples a t  t h e  Stanford Synchrotron Radiation Laboratory. 
The X-ray absorp t ion  near-edge s t r u c t u r e ,  or XANES, shown i n  Figure 4 ,  i s  near ly  
i d e n t i c a l  t o  t h a t  of a K S 0 s tandard  sample. It appears t h a t  XAS w i l l  be a very 
usefu l  method of i n v e s t i i a z i i g  t h e  s t r u c t u r e  of i nd iv idua l  elements i n  complex 
depos i t s .  

mixtures i n  SO3 pressures  of 100 t o  300 ppm a t  tempera- 

Reactions and Transformations of I n t e r e s t  f o r  Other 
Coal Conversion Processes 

In t h i s  s e c t i o n ,  examples of the  high-temperature behavior of inorganic  
phases i n  o the r  conversion processes w i l l  be given. 

Liquefac t ion  - Montano e t  a l .  have inves t iga t ed  the  t ransformat ion  of p y r i t e  t o  
py r rho t i t e  i n  coa l  l i que fac t ion  environments. They conducted i n  s i t u  Mossbauer 
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spectroscopy measurements on coa ls  maintained a t  1.24 MPa n i t rogen  pressure  and ob- 
served changes i n  t he  isomer s h i f t  a t  approximately 300°C t h a t  s igna l l ed  the  begin- 
n ing  of the  t ransformat ion  of p y r i t e  t o  py r rho t i t e .  The t ransformat ion  acce lera ted  
between 300 and 400'12, and from 20 t o  80 percent of t h e  p y r i t e  i n  four  d i f f e r e n t  
coa ls  was transformed a f t e r  one hour a t  440OC. From c lose  examination of both the  
in s i t u  spec t r a  and t h e  s p e c t r a  of cooled r e s idues ,  they concluded tha t  t he  pyrrho- 
t i t e  underwent covalent bonding t o  the  coa l  molecules, causing a c a t a l y t i c  e f f e c t  
on coal l i que fac t ion .  

Carbonization -When coa l  is heated t o  temperatures %YO0 t o  1200°C i n  t he  absence 
of a i r ,  most of t h e  v o l a t i l e  mat te r  is dr iven  o f f ,  l eav ing  a char,  o r ,  i n  t he  case 
of me ta l lu rg ica l  bituminous c o a l ,  a coke. The atmosphere i n  a coke oven cons i s t s  
p r inc ipa l ly  of hydrogen and methane. s reduced t o  a mixture 
of i ron  s u l f i d e  ( t r o i l i t e  and py r rho t i t e )  and i r o n  metal. The amount of i ron  
metal formed depends on both the temperature and the  composition of the  coke-oven 
gas.  The reduct ion  of i r o n  s u l f i d e  t o  i ron  metal i s  des i r ab le  s i n c e  b l a s t  furnace 
opera t ion  is more e f f i c i e n t  with low s u l f u r  coke. C a l c i t e  r eac t s  with t h e  
l i b e r a t e d  s u l f u r  t o  form calcium s u l f a t e ,  thus  r e t a i n i n g  s u l f u r  i n  the  coke. I n  
Figure 5, t h e  calcium XANES spectrum of a coke produced from a P i t t sbu rgh  seam coal 
i n  which a l l  calcium was i n i t i a l l y  present as c a l c i t e  is  shown. The spectrum 
es t ab l i shes  t h a t  approximately 70 percent of the  c a l c i t e  was converted t o  calcium 
s u l f a t e  during coking. 

Consequently, p y r i t f  

Gas i f i ca t ion  

I r o n  e x h i b i t s  a g r e a t  d i v e r s i t y  of r eac t ions  a t  e leva ted  temperatures when 
t h e  r eac t ion  environment encompasses both reducing and oxidizing condi t ions  a t  d i f -  
f e r e n t  s t a g e s  of t h e  process .  For example, it is not unusual t o  observe f i v e  a r  
s i x  d i f f e r e n t  i ron-bear ing  compounds i n  t h r e e  d i f f e r e n t  ox ida t ion  s t a t e s  i n  char 
and ash samples obtained from coa l -gas i f i ca t ion  systems. I n  Figure 6,  t h e  
Mossbauer spectrum of a char  res idue  from a bench-scale g a s i f i c a t i o n  system a t  t he  
I n s t i t u t e  of Cas Technology i s  shown. The input atmosphere t o  t h e  g a s i f i e r  was 
approximately 5.2% 0 , 21.2% H 0, and the remainder N2, and the  average temperature 
was 1800'F. A s  i nd iza t ed  i n  Fzgure 6 ,  s i x  iron-bearing phases exh ib i t i ng  th ree  
d i f f e r e n t  ox ida t ion  s t a t e s  a r e  observed: i ron  metal ,  iFon s u l f i d e  ( p r i n c i p a l l y  
FeS), f a y a l i t e  (Fe2Si04),  magnetite (Fe 0 ), hematite (Fe 0 ), g l a s s ,  w u s t i t e ,  and 
poss ib ly  o ther  minor gbgses. A more de?a$led d iscuss ion  %f3 th i s  work has been 
given by Mason e t  a l .  

Conclusions 

Even from t h i s  b r i e f  overview, i t  is c l e a r  t h a t  much remains t o  be done i n  
t h e  a rea  of understanding mineral-matter behavior i n  coa l  combustion and o the r  con- 
vers ion  technologies  and even more i n  combating t h e  s t i c k y  problems a r i s i n g  from 
t h i s  component i n  coa l .  I n  p a r t i c u l a r ,  w e  f e e l  t h e r e  is  a grea t  need f o r  much more 
d e t a i l e d  inves t iga t ions  of fu l l - s ca l e  technologica l  processes ,  e spec ia l ly  now tha t  
a number of r e l a t i v e l y  new and soph i s t i ca t ed  techniques a r e  a v a i l a b l e  t h a t  can be 
used to  cha rac t e r i ze  mineral-matter r e l a t e d  phenomena i n  ways t h a t  were not possi-  
b l e  a few years  ago. Such techniques inc lude  Mossbauer and EXAFS spec t roscopies ,  
which we have h igh l igh ted  i n  t h i s  a r t i c l e ,  t ha t  have the  a b i l i t y  t o  focus on speci-  
f i c  c r i t i c a l  elements (Fe,  K ,  S, e t c . ) ,  and revea l  very d e t a i l e d  informat ion  about 
t h e  behavior of t h a t  element.  However, t h e  observed phenomena i n  f u l l - s c a l e  pro- 
cesses  wi l l l g j so  need t o  be i n t e r p r e t e d  i n  terms of both k ine t i f l{e .g . ,  drop-tube 
experiments ) and thermodynamic (e.g., phase diagram ana lys i s  ) approaches,  a s  
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well as to take into account the form of the mineral matter and its distribution in 
the original coal. These areas, we feel, should be important areas for research on 
mineral-matter related problems in the immediate future. 
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Table 1 

Inorganic Constituents of Eastern Coals 

i 
Mineral Distribution 

Mineral Range Typical 
Quartz 
Kaol i n i te 
Illite 
Chlorite 
Mixed Silicates 
Pyrite 
Calcite 
Siderite/Ankerite 
Other Minerals 

5-44 
9-60 
2-29 
0-15 
5-31 
1-27 
0-14 
0-11 
0-12 

18 
32 
14 
2 
17 
8 
3 
2 
4 

Typical Ash Chemistry 
Species Weight % 

Si02 54 

Fe203 8 

K2° 
Na 2O 1 
Ti02 1 

29 2'3 

CaO 2 
MgO 1 

2 

0.2 
2 

'2'5 

Table I1 

Inorganic Constituents of Western Coals 

Mineral Distribution 
Mineral Range 

Quartz 7-22 
Kaolinite 13-45 
Illite 0-12 
Mixed Silicates 0-22 
Pyrite 1-26 
Fe Sulfates 0-5 
Fe-rich* 0-14 
Ca-rich** 7-49 
Other minerals*** 1-10 

Typical 
15 
30 
2 
8 
7 
1 
2 

25 
7 

Species Weight % 

Si02 

A1203 
Fe203 
CaO 

Mg 0 

2O 
NaO 
Ti02 

'2'5 
s03 

30 
15 
10 
20 
8 
0.7 
0.6 
0.7 
0.4 
15 

*Principally iron oxyhydroxide. 
**principally calcium bonded to carvoxyl groups in the macerals. 

***Barite, apatite, montmorillonite, and others. 

U. S. STEEL CORPORATION, TECHNICAL CENTER, MONROEVILLE, PA 
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Table I11 

CCSEM Analyses of Fouling Deposits 

CCSEM Category 

Ca-rich aluminosilicate* 

Ca- and Fe-rich aluminosilicate** 

A1 kal i sulfate* * * 
Calcium sulfate + alkali sulfate 

Si02 

Ca-rich 

Hematite 

Ca-Fe ferrite 

Ca-Mg sulfate 

Al-Si rich 

Unidentified, mixed phases 

Sec. Superheater, 
990-1050OC 

55 

7 

2 

4 

3 

10 

2 

Prehea ter 
75OoC 

63 

6 

2 

6 

2 

6 

1 

1 

2 

2 

5 

*Approximate average composition (mole % )  determined from CCSEM 
energy dispersive X-ray fluorescence spectra was 37% Car 8 %  Mg, 
4 %  Fer 41% Si, 10% Al. 

**Average composition - 31% Ca, 7% Mg, 21% Fe, 32% Si, 9% A I .  

***Average composition - Na33Ca16K3S48. 

U. S .  STEEL CORPORATION, TECHNICAL CENTER, MONROEVILLE, PA 
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ST, "C ~l~~~ 80% SiOp 
Predicted Observed 1100°C 20% A1203 

0% Base Coal A 

Blend 40% A 
'(1175 1218 80% 

1377 50% 

30% Si02 

50% Base -I% BASE 0% Base 
20% A1203 40 30 20 10 70% AI203 

F igu re  1 Pseudoternary phase diagram (Base - AI203 - Si02)  showing 
s p h e r i c a l  temperature (ST) contours.  See t e x t  for d i s c u s s i o n  
o f  p o i n t s  connected by arrow.  

v) 
W v) 

a 
2 
0 
a 
a 
z 
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W 
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U 
0 
z 

100 

80 

60 
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20 

0 
700 900 1100 1300 

To, .c 

F igu re  2 Schematic diagram i l l u s t r a t i n g  h igh- temperature r e a c t i o n s  fo r  
m ine ra l s  i n  an Eastern- type coa l  under reducing c o n d i t i o n s .  
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F igu re  3 MGssbauer spectrum o f  Somerset C ash quenched f rom 1260°C under 
reducing c o n d i t i o n s .  Asborpt ion de r i ves  e n t i r e l y  from Fez+ i n  glass. 

1 
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F i g u r e  4 XANES f o r  potass ium ( K  edge) i n  t h e  f o u l i n g  depos i t  r e s u l t i n g  from 
l i g n i t e  combustion. 
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ENERGY (EV) xia 

F igu re  5 XANES f o r  ca l c ium (K edge) i n  coke made from h i g h - s u l f u r  coa l  f rom 
P i t t s b u r g h  seam. 
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VELOCITY IN M C  

57 

hemat i t e  ( H ) ,  magnet i te  (M), i r o n  metal (Fe), i r o n  s u l f i d e s  (FeS), 
fayal i t e  (Fay), g lass  f w u s t i t e  ( G l ) ,  and an unknown phase (?) .  

F i g u r e  6 Fe Mossbauer spec t ra  o f  g a s i f i c a t i o n  char  res idue  showing peaks from 
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Mic ros t ruc tu ra l  Changes i n  Coal Dur ing Low-temperature Ashing* 

R. W .  Car l ing,  R. M. A l l e n  

Sandia National Laborator ies 
Livermore, CA 54550 

and 

J. B. VanderSande 

Cambridge, MA 02139 
Massachusetts I n s t i t u t e  o f  Technology 

I n troduc t i on 

I n  the  present work, the m ic ros t ruc tu ra l  changes occu r r i ng  i n  two U. S. 
coals du r ing  low temperature ashing (LTA) have been examined using a 
scanning transmi ss ion e lec t ron  microscope (STEM) and automated image 
analysis i n  an e l e c t r o n  microprobe. 
technique, can be used to prov ide a q u a n t i t a t i v e  analysis, by species, 
o f  t h e  mineral p a r t i c l e s  >0.2 pm i n  diameter i n  petrographic samples o f  
powdered coal .  A f u l l  desc r ip t i on  o f  the operat ion o f  automated image 
anaylsis rou t i nes  f o r  coal science app l i ca t i on  may be found 
elsewhere(1-5). The STEM, by comparison, w i t h  i t s  h igh  s p a t i a l  
reso lu t i on  f o r  imaging and compositional analysis, can be used to 
examine u l t r a - f i n e  mineral p a r t i c l e s  (diameters <0.2 pn) i n  coal (6-91, 
and also to d i r e c t l y  determine the p r i n c i p a l  inorganic elements 
chemical ly bound i n  t h e  organic  coal ma t r i x (9 ) .  These two  techniques 
therefore can be used together  i n  a complementary manner to provide a 
de ta i l ed  c h a r a c t e r i z a t i o n  o f  the mineral matter i n  coal samples(9). For 
the present task, t h e i r  a b i l i t y  to work d i r e c t l y  on e i t h e r  raw coal or 
ash samples was a lso a great  advantage. 

I n  support o f  t he  e l e c t r o n  o p t i c a l  analys is  o f  LTA transformat ions, 
complex thermochemical c a l c u l a t i o n s  have a1 so been made. These 
ca l cu la t i ons  serve two purposes. 
fundamental thermodynamic understanding o f  mineral matter behavior under 
LTA condit ions. Secondly, the ca l cu la t i ons  a s s i s t  the e lec t ron  
microscopis t  i n  i d e n t i f y i n g  species by p red ic t i ng  the  poss ib le  products 
o f  observed reactants .  
to d i s t i n g u i s h  var ious species by e lect ron d i f f r a c t i o n ,  r a t h e r  than 
energy-dispersive X-ray spectrometry (as when deal ing w i t h  the  many 
oxides, su l f i des ,  and s u l f a t e s  o f  i r on ) .  The l i m i t a t i o n  on t h i s  
computational technique i s  t h a t  chemical e q u i l i b r i u m  i s  assumed b u t  may 
no t  be reached over the  du ra t i on  o f  a t yp i ca l  LTA experiment. 

The l a t t e r ,  a computer based 

The f i r s t  i s  t o  provide a more 

T h i s  serves as guide when i t  becomes necessary 

*This work supported by U.S. Department o f  Energy, DOE, under contract  
DE-AC04-76DP00789. 
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Experimental 

The coals used i n  the  present experiments were PSOC 98, a h igh-  
vo la t i l e -C  bituminous coal from Wyoming (Bed 880 seam), and PSOC 
279, a h igh -vo la t i l e -B  bituminous coal f r o m  Indiana ( Ind iana t 3  seam) 
obtained from the Penn State Coal Bank. 
i n  the present work was an LTA-504 f r o m  LFE Corporation. 
small specimens were removed from a sample o f  each coal a f te r  1, 3, 6, 
12, 24, 48, and 72 hours o f  ashing. 
used f o r  subsequent STEM analyses. 

The low temperature asher used 
Dur ing ashing, 

These par t ia l ly -ashed samples were 

, 

Thermochemical Modeling 

The complex equ i l i b r i um code used i n  t h i s  work was an extension of the  
code o r i g i n a l l y  developed by Er ickson( l0-12) and l a t e r  mod i f i ed  by 
Bessman(l3). The code, SOLGASMIX-PV, has been in te r faced  w i th  a data 
base t h a t  i s  a compi la t ion  o f  thermodynamic data f r o m  JANAF(14) and t h e  
U. S. Geological Survey( 15). 

The elements included i n  the equ i l i b r i um ca lcu la t i ons  were: 
Mg, A l ,  S i ,  S, Ca, and Fe. The numbers o f  moles o f  each element (based 
on the analyses o f  each coa l )  were entered as oxides. An excess of  
oxygen was inc luded to simulate the  oxygen-rich environment o f  the LTA. 
The equ i l i b r i um temperature was se t  a t  150°C w i th  a pressure o f  one 
atmosphere. The l i s t  o f  species inves t iga ted  f o r  equ i l i b r i um s t a b i l i t y  
i s  too long to present here, b u t  included a l l  o f  the combinations o f  the 
above elements given i n  the JANAF data base as we l l  as many carbonates, 
su l  fates, a1 mi no-si l i ca tes ,  and sodium-a1 uminum si1 i c a t e s  tabu1 ated by 
the  U.S. Geological Survey. 

H, C, 0, 

Results 

PSOC 98 

Low temperature ashing produced rad i ca l  s t r u c t u r a l  changes i n  PSOC 98 
which resu l ted  i n  i nd i v idua l  ash p a r t i c l e s  having a gauzy appearance i n  
the  STEM. 
a f i n e  three-dimensional network w i t h  denser p a r t i c l e s  suspended wi th in 
the  ash mat r ix .  
t he  same s o r t  o f  mineral i nc lus ions  observed i n  the raw coal. E lec t ron  
d i f f r a c t i o n  pa t te rns  taken o f  the  ash showed c r i s p  r i n g s  c h a r a c t e r i s t i c  
o f  c r y s t a l l i n e  mater ia l .  
revealed Ca and S, as i n  the raw coal matr ix.  With t h i s  add i t i ona l  
compositional in fo rmat ion ,  the  d i f f r a c t i o n  pa t te rns  were indexed and 
the  presence o f  t he  mineral bassani te, CaS04.1/2H20, was establ ished. 
The gra in  s ize  o f  the  bassanite networks forming the matr ices o f  the  ash 
p a r t i c l e s  was on the order o f  30 nm, as determined from standard dark 
f i e l d  images formed f r o m  po r t i ons  o f  the bassani te r i n g  pa t te rn .  

Stereomicroscopic examination revealed t h a t  t he  "gauze" was 

STEM microanalysis showed these dense p a r t i c l e s  to be 

Analysis o f  the  ash ma t r i x  i n  the STEM 

69 



Subsequent X-ray d i f f r a c t i o n  analys is  o f  the material ashed f o r  72 hours 
showed bassani te to be one o f  the three p r i n c i p a l  minerals found a f t e r  
LTA ( together  w i t h  quar tz  and k a o l i n i t e ) .  

PSOC 279 

The raw p a r t i c l e s  o f  PSOC 279 were s i m i l a r  i n  appearance to those of  
PSOC 98. 
consisted o f  an agglomeration o f  mineral pa r t i c l es ,  p r i n c i p a l l y  quartz, 
clays, and p y r i t e .  These were the predominant mineral species found i n  
the raw coal by the e lec t ron  microprobe analysis. 
three major species found by X-ray d i f f r a c t i o n  i n  the mater ia l  ashed f o r  
72 hours. 

"Gauzy" ash p a r t i c l e s ,  very s i m i l a r  i n  appearance to those i n  the PSOC 
98 ash, were l e s s  c o m n  than the agglomerate type but  were also found 
i n  the STEM samples. The c h a r a c t e r i s t i c  inorganic signature o f  the 
organic ma t r i x  o f  raw PSOC 279 p a r t i c l e s  was a combination o f  an A1 and 
a S i  s ignal .  Again, t he  same combination was ca r r i ed  over i n t o  the  
matr ices o f  t he  gauzy type o r  ash f o r  t h i s  coal. 

STEM examination o f  t h e  low temperature ash of PSOC 279 showed t h a t  much 
o f  the p y r i t e  i n  the s t a r t i n g  coal survived the f u l l  72 hours o f  
ashing. 
ash, as mentioned e a r l i e r .  STEM analys is  was also done on p a r t i c l e s  o f  
small (<BO nm diameter)  c rys ta l s .  These p a r t i c l e s  were Fe and S r i c h ,  
b u t  w i th  much lower S:Fe r a t i o s  than p y r i t e .  A s i g n i f i c a n t  p o r t i o n  o f  
these p a r t i c l e s  had a cubic morphology. No minerals o f  t h i s  type were 
observed dur ing STEM examination o f  the raw Indiana coal. 

The most comnonly observed type o f  ash pa r t i c l e ,  however, 

These were a lso the 

This was conf i rmed by the X-ray d i f f r a c t i o n  analysis o f  the 

Modeling Resul ts 

Figure 1 i l l u s t r a t e s  the s tab le  condensed phases predicted by the 
equ i l i b r i um c a l c u l a t i o n s  for  low temperature ashing conditions. The 
r e s u l t s  shown are f o r  PSOC 98 b u t  apply as well  f o r  PSOC 279 except f o r  
the r e l a t i v e  amounts o f  each specie. 

Discussion 

Bassani t e  format ion i s  comnonly observed during low temperature ashing, 
p a r t i c u l a r l y  f o r  western coals. I t  i s  bel ieved to form by three means: 
dehydrat ion o f  gypsum (CaS04.2H20) found i n  the raw coal (16,171, 
reac t i on  o f  organic  S and the mineral c a l c i t e  (CaC03)(18),and d i r e c t  
reac t i on  o f  organic Ca and S(19,20). These reactions have proven to be 
hard to d i s t i n g u i s h ,  because o f  the d i f f i c u l t y  o f  analyzing the s t a r t i n g  
mineral content o f  raw coal samples by conventional techniques, and the 
i n a b i l i t y  o f  these same techniques to f i n d  and examine pa r t i a l l y -ashed  
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p a r t i c l e s  to observe the reac t i on  i n  progress. The use o f  the 
e lect ron-opt ica l  analys is  techniques described i n  t h i s  paper, however, 
overcame both o f  these problems, as w i l l  now be described. 

The STEM r e s u l t s  f o r  PSOC 98 i n d i c a t e  t h a t  the organic ma t r i x  o f  the raw 
Coal contained Ca and S i n  a non -c rys ta l l i ne  form. This i s  cons i s ten t  
w i t h  the Penn State su l fur - forms analys is  which ind icates t h a t  most o f  
t he  S i n  the coal i s  i n  an organic  form. 
Small percentages o f  Ca-bearing minera ls  found by the e lec t ron  
microprobe, since other  i n fo rma t ion  i nd i ca tes  t h a t  PSOC 98 conta ins a 
r e l a t i v e l y  l a rge  amount o f  calcium. 

Apparently, the organic  ma t r i x  o f  the coal i t s e l f  was the o r i g i n  of the 
Ca and S needed f o r  bassani te formation. The f a c t  t h a t  calc ium 
sulphate would form under these condi t ions was confirmed by the  r e s u l t s  
o f  the thermochemical c a l c u l a t i o n s  (see Fig. 1) which i nd i ca ted  t h a t  
s u f f i c i e n t  s u l f u r  was present i n  the  coal to react  wi th  the ca lc ium and 
prevent the format ion o f  o ther  species, such as calcium carbonate 
( c a l c i t e )  . 
The d e t a i l s  o f  t h i s  LTA reac t i on  process were brought to l i g h t  by the 
STEM examination o f  the pa r t i a l l y -ashed  samples. I n  general, these 
samples were simply made up o f  mixtures o f  r a w  coal and fu l ly -ashed 
p a r t i c l e s  i n  vary ing proport ions,  based on the amunt o f  ashing time 
they had seen. However, it was s t i l l  poss ib le  to f ind  i n d i v i d u a l  
p a r t i c l e s  which themselves were o n l y  p a r t i a l l y  ashed. 

I n  such a p a r t i c l e  i t  appears t h a t  the f i n e  bassanite network forms 
cont inuously as the organic ma te r ia l  i s  burned away and the Ca and S are 
f reed f rom the matr ix .  Mineral i nc lus ions  o r i g i n a l l y  present i n  the raw 
coal p a r t i c l e  o f t e n  remain entrapped w i t h i n  t h i s  network as i t  forms. 
The bassanite network created thus determines the s t ructure o f  the low 
temperature ash o f  PSOC 98. 

It i s  i n t e r e s t i n g  to speculate on the poss ib le  o r i g i n  o f  the "gauze" 
developed by t h i s  react ion.  
western U.S., organic  Ca i s  r e a d i l y  ion-exchangeable(21). 
ind icates t h a t  the Ca has ready access to the pore s t ructure o f  the 
coal. I f ,  dur ing LTA, the Ca i n  the  raw coal reacts i n  place w i t h  the 
organic S and the oxygen plasma, i t  could be t h a t  the bassani te gauze 
produced has a network s t ruc tu re  r e l a t e d  to the pore s t ruc tu re  o f  the 
raw coal. 
comparable to the diameters o f  a s i g n i f i c a n t  po r t i on  o f  the pores 
l i k e l y  to be found i n  coal(22). It may therefore be poss ib le  to ob ta in  
heretofore unobtainable topographical  in format ion o f  the pore s t ruc tu re  
o f  pu lver ized coal p a r t i c l e s  by ca re fu l  LTA experiments. Th is  
informat ion would be o f  great  use f o r  modeling the combustion o f  such 
p a r t i c l e s  i n  comnercial bo i l e rs .  Fur ther  work i s  under way to 
inves t i ga te  t h i s  p o s s i b i l i t y .  

Although most o f  t he  ash produced f r o m  PSOC 279 consisted o f  p a r t i c l e s  

It also explains the r e l a t i v e l y  

It i s  wel l  known t h a t  f o r  coals f r o m  the  
This  

The 30 nm s ize o f  the bassani te c r y s t a l l i t e s  i s  a lso 
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which appeared to be agglomerates o f  the  mineral i nc lus ions  found i n  the 
raw coal, some "gauzy" p a r t i c l e s  were also generated dur ing  ashing. 
analogy to t h e  r e s u l t s  from PSOC 98 j u s t  described, t h i s  suggests t h a t  
the  gauze was produced from inorganic elements chemical ly bound i n  the  
organic ma t r i x  o f  t h e  s t a r t i n g  coal .  Un l ike  the Wyoming coal, however, 
the coal from Indiana had a mat r ix  t h a t  contained p r i m a r i l y  A1 and S i .  
This combination o f  elements has been found by STEM ana lys is  i n  the 
ma t r i x  o f  another midwestern coal as we l l (9 ) .  The STEM ana lys is  o f  t he  
gauzy ash p a r t i c l e s  f o r  PSOC 279 also showed p r i n c i p a l l y  A1 and S i .  I t  
appears t h a t  f o r  t h i s  coal, the A1  and S i  from the organic ma t r i x  could 
reac t  dur ing  ashing t o  produce new c r y s t a l l i n e  mineral matter. This 
t ransformat ion dur ing  LTA has no t  been prev ious ly  reported. 

The thermochemical modeling o f  the  system ind ica ted  t h a t  A1 and S i  
should p r e f e r e n t i a l l y  reac t  together w i t h  the oxygen o f  the  LTA plasma to 
form one o r  more a lumino-s i l icate compounds, as opposed to the separate 
formation o f  alumina and s i l i c a .  
by e lec t ron  d i f f r a c t i o n  i n  the  STEM, f o r  several reasons. F i r s t ,  the 
mineral i n c l u s i o n  content  o f  the gauzy p a r t i c l e s  was much h igher  f o r  
t h i s  coal than f o r  PSOC 96. I n  add i t ion ,  the microprobe r e s u l t s  show 
t h a t  near ly 30 percent o f  these inc lus ions  were a lumino-s i l icates o f  
various types. 
p a r t i c l e s  the re fo re  tended to be qu i te  complex, and not r e a d i l y  amenable 
to i n te rp re ta t i on .  An attempt was made to use m i c r o d i f f r a c t i o n  on the  
small regions o f  t he  network ma t r i x  which appeared to be r e l a t i v e l y  
inc lus ion- f ree .  However, t he  mater ia l  was qu ick ly  destroyed by the h igh  
beam currents invo lved.  The most t h a t  can be sa id  f r o m  the  present work 
i s  that STEM microanalys is  supports the  p red ic t i on  o f  t h e  thermochemical 
model by conf i rming the  combined presence o f  A1 and S i  i n  the mat r ix  o f  
the gauzy ash p a r t i c l e s  f r o m  PSOC 279. 

The thermochemical m d e l i n g  a1 so p red ic t s  another LTA transformat ion f o r  
PSOC 279. 
phase under the  low temperature ashing condi t ions,  and i s  expected to 
transform to an FeZ(S04)3-type compound. Su l fu r  i s  expected to leave 
the  system as SO3 vapor. 

A va r ie t y  o f  LTA transformat ions i n v o l v i n g  Fe- and S-bearing compounds 
have been repor ted prev ious ly .  P y r i t e  has been reported as e i t h e r  
remainin unchanged(16,25), reac t ing  to form coquimbite and o the r  Fe3+ 
sulfates?l7,24,25), o r  o x i d i z i n g  to hemati te( l9) .  I t  i s  genera l ly  
accepted t h a t  rozen i te  and o ther  Fez+ su l fa tes  ox id i ze  to Fe3+ su l fa tes  
dur ing  LTA(17,23-25). Indeed, i n  the m s t  recent o f  these papers it was 
shown by Mossbauer spectroscopy that, f o r  the LTA condi t ions used, a l l  o f  
the  Fe3+ s u l f a t e  produced dur ing  LTA o r ig ina ted  f r o m  the  Fe2+ s u l f a t e  i n  
the  s t a r t i n g  coal ,  w h i l e  the  p y r i t e  remained unaffected(23).  

The STEM r e s u l t s  o f  t he  present work i nd i ca te  t h a t  a s i g n i f i c a n t  amount 
o f  p y r i t e  d i d  appear to reac t  dur ing  LTA. The p y r i t e  t h a t  survived the  
LTA re ta ins  i t s  dense appearance under STEM examination, along w i th  i t s  
cubic morphology and h igh  s u l f u r  t o  i r o n  r a t i o .  

I n  

This cou ld  no t  be d i r e c t l y  confirmed 

Selected area d i f f r a c t i o n  pa t te rns  o f  po r t i ons  o f  gauzy 

The modeling r e s u l t s  i nd i ca te  tha t  p y r i t e  i s  no t  a s tab le  

By comparison, the 
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decomposition product has a h igh l y  porous s t ruc tu re ,  a much lower S:Fe 
r a t i o ,  and, i n  many (bu t  no t  a l l )  instances, has apparently l o s t  i t s  
o v e r a l l  cubic shape. It was d i f f i c u l t  to obta in  e lec t ron  d i f f r a c t i o n  
pa t te rns  from these l a t t e r  p a r t i c l e s  because o f  t h e i r  unstable nature 
under the e lec t ron  beam. I n  the few instances where a d i f f r a c t i o n  
pa t te rn  was success fu l l y  recorded, the bes t  f i t  f o r  indexing the  pa t te rn  
appeared to be the  Fe3+ su l fa tes ,  coquimbite and para-bu t le r i te .  The 
la rge  propor t ion  o f  these low S:Fe r a t i o  p a r t i c l e s  ( r e l a t i v e  to 
surv iv ing  p y r i t e  p a r t i c l e s )  observed i n  the ashed PSOC 279 r u l e s  o u t  t he  
p o s s i b i l i t y  o f  t h e i r  format ion being completely the r e s u l t  of t he  
ox ida t i on  o f  t he  s t a r t i n g  i r o n  su l fa tes  i n  t h i s  coal. 
small f r a c t i o n  o f  the  s t a r t i n g  mineral  mat ter  i n  the coal was present 
i n  the  form o f  Fe2+ su l fa te .  

For the  LTA condi t ions used i n  the present work, p y r i t e  i n  the s t a r t i n g  
coal d i d  p a r t i a l l y  decompose. Th is  appeared to occur on a 
p a r t i c l e - b y - p a r t i c l e  basis; no in te rmed ia te  reac t ion  products were 
observed. 
dur ing  LTA has been shown prev ious ly  i n  t e s t s  where p y r i t e s  f r o m  
d i f f e r e n t  sources were subjected t o  LTA(19). The reason f o r  t h i s  
behavior i s  s t i l l  no t  known. 

One add i t i ona l  p red ic t i on  o f  the thermochemical modeling requ i res  
comnent. Si02 i s  no t  thermodynamically stable under LTA cond i t ions ,  b u t  
ins tead should be reac t i ng  w i t h  o the r  compounds to form 
a lumino-s i l i ca tes .  However, s i l i c a  p a r t i c l e s  were s t i l l  e a s i l y  
i d e n t i f i a b l e  as a specie surv iv ing  LTA. There are a t  l e a s t  two  possible 
explanat ions f o r  t h i s .  The f i r s t  i s  t h a t  s i l i c a  was genera l l y  found i n  
r e l a t i v e l y  l a r g e  p a r t i c l e s ,  and so was no t  able to mix i n t i m a t e l y  with 
o ther  compounds. Secondly, the  k i n e t i c s  o f  many rac t ions  may be too 
slow f o r  them to take place i n  the  time frame o f  a LTA experiment. As 
was po in ted  o u t  e a r l i e r ,  the thermodynamic models assume t h a t  
equ i l i b r i um i s  reached. 

Only a very  

The ra the r  sporadic na ture  o f  the  decomposition o f  p y r i t e  
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Figure 1 - Thermodynamically s tab le  condensed phase species as 
predic ted by t h e  e q u i l i b r i u m  thermochemical modeling. 
The p l o t  shows the  number o f  moles o f  each s tab le 
specie t h a t  would be produced a f t e r  equ i l ib r ium was 
reached under LTA condi t ions.  
was 100 g o f  PSOC 98. 
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In t roduc t ion  

Inorganic spec ie s  a r e  incorporated i n  low-rank coa l s  i n  many ways: as ion- 
exchangeable ca t ions ,  as coordinat ion complexes, and as a d ive r se  a r r ay  of d i s c r e t e  
minerals.  In some cases a n  element w i l l  be present  i n  more than one form; 
potassium, f o r  example, occurs  both as an exchangeable c a t i o n  and i n  a s soc ia t ion  
with clay minerals.  The v a r i a t i o n  i n  a s s o c i a t i o n  of inorganics  among t h e  mul t ip l e  
modes of occurrence r e s u l t s  i n  a very complex s e r i e s  of r eac t ions  and mineral  
t ransformations when low-rank coa l s  a r e  ashed o r  s lagged.  The behavior o r  t h e  
inorganic  components can be a t  least as important  t o  e f f e c t i v e  ope ra t ion  as the  
behavior of the carbonaceous port ion i n  low-rank coa l  u t i l i z a t i o n  processes.  The 
determinat ion of t he  e x t e n t  of t he  changes i n  bulk composition and i n  mineral  phases 
during control led l abora to ry  ashing i s  very important i n  developing an understanding 
of ash or  s l a g  behavior during coa l  processing and how such changes a r e  r e l a t e d  t o  
process  condi t ions.  

In the pas t ,  mineralogical  determinat ions using a sh  formed a t  t he  s tandard 
ternperaturc of 750'12 i d e n t i f i e d  minerals which were not  o r i g i n a l l y  present  i n  the 
raw coal  but which were a r t i f a c t s  of t he  ashing procedure.  This w a s  due t o  the  
a l t e r a t i o n  of minerals  by oxidat ion,  dehydrat ion and o the r  processes  a t  high 
temperatures.  Recent s t u d i e s  by Miller e t  a1 (l-), Fraze r  and Belcher (L), and 
O'Gorman and Walker (2) have concentrated on r e l a t i n g  raw coal mineralogy t o  ash 
mineralogy generated at  low temperatures.  Lor t empera tu re  ashing (LTA) 
t h e o r e t i c a l l y  would enab le  one t o  obtain t h e  t r u e  mineralogical  composition of a 
coa l  s ince  l i t t l e  mineral  a l t e r a t i o n  occurs  up t o  125'C. Mitchel l  and Gluskoter  (5) 
expanded t h i s  concept t o  s tudy low t o  high temperature mineral  t ransformations i n  
a sh  of subbituminous and bituminous coals .  With few except ions t h e  app l i ca t ion  of 
LTA i n  ash mineralogy s t u d i e s  has  been pr imari ly  a s soc ia t ed  with subbituminous and 
bituminous coa l s  (5). In f a c t ,  Mi l l e r  e t  a1  (I-) and F raze r  and Belcher (2) state  
t h a t  LTA may be unsu i t ab le  f o r  obtaining t h e  o r i g i n a l  mineralogy i n  l i g n i t e s  without 
appropriate  pretreatment .  Th i s  is due t o  the  high organic  oxygen content  with 
associated inorganic  exchangeable ca t ions  c h a r a c t e r i s t i c  of l i g n i t e s .  The presence 
of organically-bonded ino rgan ic s  d r a s t i c a l l y  inc reases  the  ashing t i m e  thereby 
inc reas ing  t h e  chances of mineral  a l t e r a t i o n  by oxidat ion.  In add i t ion ,  t he  r e l e a s e  
of organically-bound c a t i o n s  and organic  s u l f u r  i n  contact  with mineral  mat ter  can 
alter the o r i g i n a l  coal mineralogy wi th  an extended per iod of low-temperature 
ashing . 

The purpose of t h i s  s tudy i s  t o  i d e n t i f y  mineral  t ransformations i n  low t o  high 
temperature ashes (12S0, 750°, and 1000°C) and s l a g s  (1300°C) c h a r a c t e r i s t i c  of 
l i g n i t e s .  The processes  responsible  f o r  c e r t a i n  mineral  t ransformation a r e  a l s o  
examined. 

T w e l v e  low-rank c o a l s  were se l ec t ed  from t h e  northern Great P l a i n s  and Gulf 
Coast. Nine North Dakota l i g n i t e s ,  two Gulf Coast (Texas and Alabama) l i g n i t e s ,  and 
one subbituminous coal  from Montana were s tud ied  (Table I ) .  

Experimental 

The mineral  matter composition of each coa l  sample was determined d i r e c t l y  by X-ray 
d i f f r a c t i o n  (XRD) of low temperature  a sh  (LTA). A LFE Model 504 four-chamber oxygen 
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plasma low temperature asher  was used. The ashing procedures used were modified 
a f t e r  Mi l le r  and Givens' (6) technique f o r  low temperature ashing of subbituminous 
and bituminous coa l s .  One s e t  of samples was ion-exchanged i n  1N ammonium ace ta t e  
a t  7OoC f o r  24 hours and freeze-dried p r i o r  to  low temperature ash ing .  This 
procedure w a s  repea ted  th ree  times to ensure removal of ion-exchangeable ca t ions .  
Another, but un t r ea t ed ,  sample set was a l s o  ashed. Pre l iminary  comparison of sample 
s e t s  showed t h e  exchanged samples t o  have reduced ashing time and i d e n t i c a l  
mineralogy except  f o r  t h e  presence of bassani te  i n  non-exchanged samples. This 
d i f f e rence  w i l l  be d i scussed  later. 

Modif ica t ions  i n  ope ra t ing  procedures a r e  a s  follows: an RF Power of 
approximately 150W and an  oxygen flow of 100cc/min a t  2 p s i  were maintained along 
with a chamber p re s su re  of l m m  Hg. Samples were s t i r r e d  once every 2 hours during 
the  f i r s t  e igh t  hours and every e igh t  hours during the  remaining ashing time. 

Samples were a l s o  ashed a t  75OoC i n  accordance wi th  ASTM procedure D3174-73 and 
w i l l  be r e f e r r e d  to as ASTM samples (7-). Samples were then ashed a t  1000°C 
following the  same procedure f o r  75OoC coa l  ashing and w i l l  be r e fe r r ed  t o  a s  HTA 
(high temperature a sh )  samples. F ina l ly  raw coal samples were heated to 1300'C 
forming s l a g .  A l l  s l a g  samples were a i r  quenched. 

Mineralogical composition of ash samples w a s  analyzed by XRD. X-ray 
f luorescence  (XRF) a n a l y s i s  was a l s o  used f o r  bulk ash  ana lys i s .  Raw coa l  ana lys i s  
was performed by XRF and neutron a c t i v a t i o n  ( N A A ) .  XRF e lementa l  ana lyses  of raw 
coa l  samples a r e  l i s t e d  i n  Table I. 

Results a d  Discussion 

Mineralogical phases formed a t  d i f f e r e n t  temperatures f o r  each coa l  sample a re  
summarized i n  Table 11. The major mineral  phases de tec ted  by XRJI i n  LTA samples a re  
qua r t z ,  p y r i t e ,  b a s s a n i t e ,  k a o l i n i t e  and p lag ioc lase .  The processes  respons ib le  f o r  
mineral  t ransformat ions  inc lude  oxida t ion ,  vapor iza t ion ,  s u l f u r  f ixa t ion ,  
dehydration, s o l i d - s t a t e  i n t e r a c t i o n s ,  and r e c r y s t a l l i z a t i o n .  The temperatures a t  
which s p e c i f i c  t ransformat ions  occur a r e  based on previous experimental  work by 
Mi tche l l  and Gluskoter  (6) and published chemical d a t a  i n  the  Handbook of Chemistry 
and Physics (a). In a d d i t i o n  t o  mineral-mineral i n t e r a c t i o n s  i t  is  believed tha t  
r eac t ions  between mine ra l s  and exchangeable ca t ions  occur (9). 

While Mi l l e r  et  a 1  (1) s t a t e d  tha t  
p y r i t e  may be oxid ized  wi th  increased  low temperature ashing t i m e  i n  l i g n i t e s  no 
evidence of oxidized forms of i r o n  was seen  by XRD. This may be a t t r i b u t e d  to  the 
pretreatment of samples wi th  ammonium a c e t a t e ,  thereby reducing ashing times a s  much 
as 50%. I n  ASTM samples p y r i t e  is  oxidized to hemat i te  (Fez()-,) and magnetite 
(PejO4). According to M i l l e r  and Gluskoter 0, p y r i t e  ox id i zes  a t  5OO0C. With the 
oxida t ion  of p y r i t e  t o  i ron  oxide r a t h e r  than  i r o n  s u l f a t e ,  p y r i t i c  s u l f u r  is  
re leased .  The format ion  of sodium and calcium s u l f a t e s ,  de t ec t ed  i n  ASTM ash ,  may 
be as soc ia t ed  wi th  t h e  r e l e a s e  of p y r i t i c  s u l f u r .  The source of such s u l f a t e s  may 
be t h e  i n t e r a c t i o n  of p y r i t i c  s u l f u r  re leased  dur ing  p y r i t e  ox ida t ion  with 
carbonates a s  w e l l  as w i t h  organically-bound calcium and sodium. 

Bassani te  (CaSO4.5H2O) i s  present  i n  some of the  sample LTAs. Bassani te  most 
l i k e l y  forma from the  dehydration of gypsum (CaS04.2H 0) a t  65OC. Gypsum was 
de tec ted  by scanning e l e c t r o n  microscopy (SEM) i n  raw C O ~  samples. Another source 
Of calcium o r  sodium s u l f a t e  may be the  f i x a t i o n  of organic  s u l f u r  by organica l ly-  
bound calcium or sodium c a t i o n s  (& g). In t h i s  case ,  bas san i t e  i s  simply an 
a r t i f a c t  of t he  low t empera ture  ashing procedure. This  phenomenon i s  typ ica l  of 
coa l s  having abundant a l k a l i  ca t ions  a s soc ia t ed  wi th  carboxyl groups. Continued 
inc reases  i n  ashing tempera ture  r e s u l t s  i n  complete dehydration of bassani te  t o  
anhydr i te  (CaS04) a t  4OO0C. Anhydrite is a major minera l  phase i n  ASTM and HTA 
samples and i s  p resen t  i n  most s l a g s .  

Kao l in i t e  (A12S1205(0H) is present  i n  only LTA samples. K a o l i n i t e  dehydration 
occurs  approximately from 4bOo t o  525OC (A). With removal of water by dehydration, 
t h e  k a o l i n i t e  s t r u c t u r e  co l l apses ,  r e t a i n i n g  some degree of order  forming 

P y r i t e  (FeS2) i s  p resen t  i n  a l l  LTA samples. 
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Table 11. Mineralogical Composition of Ash and Slag Samples Determined by XRD* 

Sample LTA (S125'C) ASTM (75OOC) HTA (1000°C) Slag(1300'C) 

Quartz 
Anhydrite 
Hematite 

Anhydrite 
Magnetite 
Hemat i te 
Quartz 
Melllite 
Plagioclase 
Nepheline 

Anhydrite 
Pyroxene 
Magnetite 
Hauyne 
Hematite 
Quartz 

Anhydrite 
Melilite 
Magnetite 
Hemat i te 
Hauyne 
Quartz 
Corundum 

Anhydrite 
Hauyne 
Pyroxene 
Melllite 
Hematite 
Quartz 

Anhydrite 
Hematite 
Quartz 
Magnetite 
Plagioclase 

Plagioclase 
Hemat lte 
Magnet1 te 
Quartz 

Anhydrl t e 
Pyroxene 
Magnet it e 

Meli li te 
Hauyne 
Nepheline 
Magnet i t e 
Quartz 
Corundum 

Absaloka Quartz 
Pyrite 
Kaolinite 
Plagioclase 
Bassanite 

Beulah-Low Sodium Quartz 
Pyrite 
Kaolinite 
Bassanite 

Quartz 
Hematite 
Magnetite 
Anhydrite 

Beulah-High Sodium Quartz 
Bassanite 
Kaolinite 
Pyrite 

Anhydrite 
Hematite 
Magnetite 
Quartz 
Melilite 
Hauyne 

Anhydrite 
Hematite 
Quartz 

Center Quartz 
Bassani te 
Pyrite 
Kaolinite 

I 

/ Quartz 
Pyrite 
Kaolinite 
Bassanite 
Plagioclase 

Anhydrite 

Hematite 
Magnet i t e 
Plagioclase 
Pyroxene 

Anhydrite 
Quartz 
Hemat ite 
Magnet i te 
Melillte (trace) 

Quartz 
Choctaw 

Palkirk Anhydrite 
Quartz 
Melllite 
Hema t i t e 
Magnetite 
Hauyne 

Anhydrite 
Melilite 
Hauyne 
Quartz 

Melilite 

Anhydrite 
Pyroxene 
Hematite 

(Akermanite) 
Quartz 
Kaolinite 
Pyrite 

I 
Anhydrite 
Quartz 
Hemat i te 
Magnet ire 

Anhydrite 
Pyroxene 
Spinel 
Melilite 
Magnetite 

Gascoyne Blue- Quartz 

Pyrite 
Calcite 

High Sodium Kaolinite 

Sodium Sulfate Nosean 
(trace) Mellli t e 
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Table 11. Mineralogical Composition of Ash and Slag Samples Determined by XRD*-- 
Continued 

Sample LTA (Q125OC) ASTM (75OOC) HTA (1000°C) Slag(1300'C) 

Gascoyne Red- Quartz Quartz 
Low Sodium Kaolinite Anhydrite 

Magnetite 
Pyrite Hematite 

Indian Head- Quartz Anhydrite 
High Sodium Pyrite Quartz 

Kaolinite Hematite 
Bassanite Nosean 

Melilite 
Hauyne 
Sodium Sulfate ( ? )  

Pike 

San Miguel 

Quartz Anhydrite 
Pyrite Quartz 
Kaolinite Pyrite 

Zeolite Zeolite 

Quary Hematite 
Kaolinite Quartz 
Pyrite Plagioclase 
Bassanite (Anorthite) 
Plagioclase Melilite 

(Heulandite) Anhydrite 

Quartz (Amorphous) 
Anhydrite 
Pyroxene 
Hematite 
Hauyne 

Me1 11 i t e 
Hemat i t e 
Anhydrite 
Hauyne 
Magnet i t e 
Pyroxene 

Anhydrite 
Hematite 
Mellli te 
Anorthite 
Quartz 

Plagioclase (Amorphous) 

Hematite 
Quartz 
Magnetite 
Anhydrite 

(Anorthite ) 

*Minerals listed in decreasing order of peak intensities and occurrence. 
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metakaolin. No metakaolin was detected by XRD in ASTM samples perhaps due to its 
poorly defined crystalline structure. However, it is believed that the basic 
kaolinite components are present in an amorphous form in ASTM ash. With increasing 
temperature the collapsed kaolinite structure forms corundum (~'~1~0~). While 
mullite (3A1208.2Si02) and cristobalite (Slop) have been reported to form from well- 
ordered kaolinites in bituminous coals at 1000°C (6) neither were observed in HTA 
samples. According to Grim (s), the absence of mullite suggests that the original 
kaolinitic structure was poorly defined. It has also been suggested by Grim (11) 
that the presence of impurities in the form of alkali ions, such as in lignites, 
retards the development of mullites and cristobalite. The mechanism for this is not 
fully understood. 

The collapsed kaolinitic structure acts as a source or framework for several 
different alumino-silicate complexes formed in HTA and slag samples. Common 
minerals found are as follows: anorthite (CaA1 Si 0 ), pyroxenes 
(Ca ,Na) (Mg ,Fe ,Al) (Si ,A1l2O6), melitites (Na,Ca) (Mg ,Fe ,Al)?Si ;Ab@, hauyne 
(Na,Ca)e8(A1Si04)(S04) 1-2, nosean (Na8Al6Si6OZ4SO4f and nepheline a,K)A1Si04). 
At 1000 C alumino-silicates minerals form from solid-state reactions of kaolinitic 
material with cations derived from carbonates, oxides, OK sulfates. Interstitial 
substitution of alkali cations OCCUKS within the dehydrated kaolinite structure with 
with increasing temperature due to thermal expansion. In some coals, particularly 
those high in sodium, these alumino-silicates are also seen in ASTM samples. 

At 13OO0C inorganics are in a liquid phase. Upon quenching some sample slags 
remain amorphous due to rapid cooling thereby inhibiting nucleation of elements 
preventing the formation of crystalline structures. Other samples recrystallized 
upon cooling forming previously existing and new alumino-silicate structures. 
Differences between sample slagging behavior can be traced to silica content of the 
raw coal. Samples high in silica, such as Gascoyne Red and San Miguel coals, formed 
amorphous slags upon cooling. Samples having relatively low silica contents such as 
Absaloka, Beulah High and Low Sodium, Falkirk and Gascoyne Blue coals, formed 
crystalline slags when cooled. Anhydrite and magnetite are still present at 1300°C. 

Minor amounts of calcite (CaC03) were detected in raw coal samples by SEM. XRD 
failed to detect calcite in LTA samples possibly due to extraction by ammonium 
acetate or because the amounts of calcite were below detection limits (-5%). For 
the most part, calcium is supplied to the system by gypsum and organically-bound 
calcium. As previously discussed, calcium whether in the form of bassanite, 
calcite, or cations in LTA samples forms anhydrite in ASTM samples. In HTA samples 
calcium reacts primarily with dehydrated kaolinite forming alumino-silicates 
discussed under kaolinite reactions. 

Quartz (Slop) is stable throughout the ash samples at varying temperatures up to 
1000'~. In slag analysis, quartz is not always present in crystalline form but 
forms an amorphous substance along with other compounds. 

With increasing temperature quartz peak intensities in HTA samples decrease or 
disappear while various alumino-silicate peaks increase in intensity and number. 
According to Rindt et a1 (12) localized reducing areas are present within coal 
particles during combustion. In these areas, reactions between volatilized sodium 
and quartz occur forming sodium silicates (2). The sodium is fixed and not readily 
released on further heating. 

Figure 1 displays a typical X-ray diffractogram sequence from LTA sample through 
slagging of the Beulah High Sodium lignite. Predominant peaks are identified 
according to the mineral phases present. Mineral transformations at higher 
temperatures are characterized by the presence of numerous alumino-silicate solid- 
solution series. Often several members of a particular solid-solution series have 
almost identical diffractogram patterns making identification by XRD difficult. 
When comparing several of these diffractograms there is little difference between 
LTA samples while ASTM, HTA, and slag samples are quite different. When comparing 
mineralogical differences to raw coal elemental compositions of various coals 
samples containing higher amounts of sodium tend to form alumino-silicates at lower 
temperatures (75OoC) than samples high in calcium. High sodium coals such as Beulah 
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High Sodium and Gascoyne Blue develop complex s i l i c a t e s  i n  ASTM samples and a r e  
known to be high fou l ing  coa l s .  Typical of such a lumino-s i l ica tes  i n  ASTM, HTA and 
s l a g  samples a re  m e l i l i t e s .  hauyne, nepheline,  nosean and pyroxenes. Commonly these  
a r e  minerals found i n  combustion fou l ing  depos i t s  of most l i g n i t e s .  

I 

Concluding Remarks 

The r e s u l t s  of t h i s  s tudy  r e f l e c t  t he  pre l iminary  s t age  of i nves t iga t ion  i n t o  the 
mineral  phase t ransformat ions  seen  i n  low-rank coa l s .  The o r i g i n a l  mineralogies of 
coa l s  sampled do not vary  a g r e a t  dea l .  Quartz,  k a o l i n i t e ,  p y r i t e ,  and bassan i t e  
a r e  found i n  abundance i n  each  LTA sample. Grea ter  d i f f e rences  between samples a r e  
apparent a t  h igher  tempera tures  where complex a lumino-s i l ica tes  predominate. 
Perhaps t h i s  is a r e f l e c t i o n  of d i f f e rences  not so much i n  o r i g i n a l  mineral  matter 
but i n  the  t o t a l  i no rgan ic  composition of t he  c o a l ,  s p e c i f i c a l l y  the  presence of 
exchangeable a l k a l i  c a t i o n s .  The i n t e r a c t i o n s  of such organically-bound ca t ions  
wi th  c r y s t a l l i n e  ino rgan ic  phases i n  l i g n i t e s  account f o r  d i f f e rences  i n  ashing and 
slagging behavior between coa l  samples (2). 

The processes  r e spons ib l e  f o r  most r eac t ions  i d e n t i f i e d  a r e  oxida t ion ,  
dehydration, s u l f u r  f i x a t i o n ,  so l id - s t a t e  i n t e r a c t i o n s ,  vapor i za t ion ,  and 
r e c r y s t a l l i z a t i o n .  I s o l a t i n g  s p e c i f i c  r eac t ions  occurr ing  i n  a multi-component 
system i s  d i f f i c u l t  a t  bes t .  Understanding the  thermodynamics of mineral 
t ransformat ions  is a n e c e s s i t y  and w i l l  be pursued i n  f u t u r e  study. I n  add i t ion ,  
f u t u r e  s t u d i e s  i s o l a t i n g  mineral  p a i r s  t o  observe phase t ransformat ions  a t  various 
temperatures w i l l  suppor t  or r e f u t e  r e s u l t s  presented  here .  
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INTRODUCTION 

Mineral i m p u r i t i e s  i n  c o a l  are known t o  be  primary 
c o n t r i b u t o r s  t o  the s l a g g i n g  and f o u l i n g  of u t i l i t y  b o i l e r s ,  f l y  
a s h  a n d  bottnm a s h  p r o d u c t i o n  a s  w e l l  as a tmospher ic  p o l l u t i o n .  
They a l so  produce u n d e s i r a b l e  e f f e c t s  i n  some p a r t s  of 
hydrogenat ion  p r o c e s s e s  such as l i q u i f a c t i o n  and g a s i f i c a t i o n  
( 1 , 2 , 3 ) .  D e s p i t e  a lozg h j . s to ry  of i r i v e s t i g a t i o n  prornpt.ed by 
t h e s e  o b s e r v a t i o n s ,  many q u e s t i o n s  remain unanswered. 

Simple e m p i r i c a l  r e l a t i o n s h i p s  between f u s i o n  t empera tu re  of 
t h e  f u r n a c e  d e p o s i t s  and t h e  mineralogy of c o a l s  have been 
proposed ( 4 . 5 . 6 ) .  More r e c e n t l y  a t t e m p t s  have  concen t r a t ed  on a 
physico-chemical view of t h e  problem comparing a s h  f u s i o n  
t empera tu res  w i t h  phasc  r c* la t ions  i n  three-component chemical 
systems ( 7 , 8 ) .  T h i s  method of a t t a c k  h a s  y i e l d e d  some 
s i g n i i i c a n t  r n s u l t s ,  but at. leas t :  some r e s e a r c h e r s  ( 8 )  have 
ques t ioned  the assumpt ion  that t h e s e  p r o c e s s e s  occur  under 
condi  Lions of e q u i l i b r i u m .  

i n t e r a c t i o n s  between m i n e r a l s  known t o  occur  i n  c o a l s  i n  t h e  most 
d i r e c t  f a s h i o n  p o s s i b l e  and i n  t h e  s i m p l e s t  c o n d i t i o n s  c o n s i s t e n t  
w i t h  caus ing  t h e  reac t , i .ons  t o  occur .  lt i s  cons ide red  that  
o b s e r v a t i o n  of s i m p l e  mix tu res  of mine ra l s  observed  t o  e n t e r  i n t o  
r e a c t i o n  may ma.:.:c possib1.e s b e t t e r  accoun t ing  of t h e  p r o c e s s e s  
by which s l a g  and f o u l i n g  d e p o s i t s  form i n  f u r n a c e s .  

The aim of- t h e  r e s e a r c h  d e s c r i b e d  h e r e  i s  t o  obse rve  

EXPER IMENl'AS METHODS 

1SOLATI.ON AND IDEXTIFTCATION OF COAL MINERALS. Two c o a l  
samples c o l l e c t e d  f-rom d i f f e r e n t  coal b a s i n s  i n  t h e  Un i t rd  S t a t e s  
( s e e  Table I ) ,  were sub jectcl'd t o  low- , tempera ture  ashing as  
d e s c r i b e d  by C l u s k o t e r  ( 9 ) .  This  p rocess  a v o i d s  d e s t r u c t i o n  of 
t h e  mine ra l s  w h i l e  o x i d i z i n g  t h e  o r g a n i c  p o r t i o n  of- t h e  c o a l .  
This arihing p rocedure  occur s  a t  a much lower t empera tu re  than  
that of t h e  American S o c i e t y  f o r  'Testing and M a t e r i a l s  (ASTM) 
method i t  i s  g i v e n  che  name of- " low- tempera ture  a s h "  and 
g e n e r a l l y  abbrev ia t , ed ,  LTA. I n  fo rma t ion  of a minera l  
c o n c e n t r a t e  by low- tempera ture  a s h i n g  (CIA) a few changes a r e  
a n t i c i p a t e d ;  some c l a y s  are r e v e r s i h l y  dehydra t ed ,  hydra t ed  
s u l f a t e s  are recluced t o  t h e  hemihydrate form, f o r  i n s t a n c e  gypsum 
is conve r t ed  t o  bassatiite. Because t h e s e  changes a r c  kncwn i n  
advance, c?ue a l lowance  can bc  nade f o r  them. 

*Owrated f o r  t h e  U. S. Dept. of Energy by Iowa S t a t e  Univ. 
under c o n t r a c t  N o .  W--7405 E r q  8 2 .  
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TABLE I 

Coal Samples, Localities of Origin, and Analyses 
(all samples run-of-mine) 

i 

Seam : Illinois #6 
-- Localitv: St. Clair County, Illinois 
knalvsis: 

9 mesh x 0 9 x 32 mesh 9 x 32 mesh 
Raw Float Sink 

Moisture ( d ) :  5.31 5.14 2.55 
Ash, ASTM ( % ) :  32.86 7.10 68.05 
Pyritic Sulfur ( % )  : 2.4b 0.76 5.08 
Total Sulfur ( % ) :  4 . 5 7  4.57 5.94 
Heating V a l u e  (BTU/lb.): 9.039 13.248 3,574 

__- Seam : Upper Freeport 
Locality: Grant: County, West Virginia 

9 mesh x 0 9 x 32 mesh 9 x 33 mesh 
Raw Float Sink 

Kuisture ( & ) :  0.110 0 . 6 8  0.93 
Ash, ASTM ( % ) :  35.90 7.26 72.10 
Pyritic Sulfur ( "a :  1.58 0.27 2 .62  
Total Sulfur ( % ) :  2.18 1.06 3.00 
Heating Value (UTU/lb.): 9 .635  13,365 3,086 

Mineral constituents 3f t!ie LTA concentrates were identisied 
by x-ray diffraction techniques. Illite, ksolir.ite, quartz and 
pyrite are ubiquitous in the mineral suitcs; calcite occurs in 
most c o n c e n t r a t e s .  Many other minera1.s have been identified in I 

1 c o a l s ,  but were not observed in these specimens. 

1 HEAT I N G -. STAG E HI CR 0 X O F  1 C 0 BS EHVAT' I: ON5 . F'o 1 1 ow ir!cj the 
characterization of' the mineral suites by rr-.ray diffraction 
techniques, each LTA concentrate was heated jn a heating staqe 
mounted on a microscope fitted f o r  observation in vertically 
incident light. Concentrates examined in this way and  the 
product phases arc found in Table 11. 
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TABLE I1 

LTA Samples and Heating Products 

LTA Sample Tmax ( OC 1 Phases Identified 

Upper Freeport raw 56 0 quartz, illite, 

1410 quartz, mullitea 
pyrrhotite 

quartzb b Upper Freeport 1.40 float 1031 

Upper Freeport 1.40 sink 635  quartz, illite, 

1250 quartz 

pyrrhotite 

illiteC 
1150 quartz, pyrrhotite, 

Illinois #6 raw 

Illinois #6 1.40 float 

Illinois #6 1.40 sink 

880d quartz, illite, pyrr- 
hotite, oldhamite(?) 

6 2 5  quartz, illite, pyrr- 
hotite, troilite ( ? )  

1370 quartz, pyrrhotite 

hotite, oldhamite 

oldhamite 

920 quartz, illite, pyrr- 

1334 quartz, pyrrhotite, 

N O T E S  : 

bThe overall pattern was similar to the one for the 

peaks occurred at the correct diffraction angles for mulite, 
but were to weak to permit accurate intensity comparisons. 

illite-kaolinite pair heated 5 0  141OoC, except that stronger 
peaks for quartz were found in the LTA XRD pattern. 

illite, but the intensities were not comparable with standard 
patterns; it is possible thast these were relict peaks of 
illite as it began to alter. 

dAnother sample of Illinois #6 raw LTA was heated to 1421OC; it 
formed a hard, dark-coloured glass at about 14OO0C, and this 
material could not be removed from the heating-stage crucible. 

Peaks were detected at some of the diffraction angles for C 

The heating stage is limited to inert atmosphere or vacuum 
operation. Therefore, reactions sensitive to atmospheric 
conditions, such as partial pressure of oxygen cannot be studied. 
Furthermore, the extremely small particle size of the sample 
resulted in inability to observe changes occurring below the 
mount surface. and to resolve the specific minerals entering into 
a reaction at any point in the run. 

\ 
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t 
These difficulties were met by obtaining samples of the 

minerals identified in the LTA concentrate before heating, 
grinding them to approximately the same size consist as the 
concentrate, and mounting them in separate domains in the heating 
stage crucible. The geometry of these mounts is shown in Fig. 1. 

I EXPERIMENTS WIT!-J KNOWN MINERALS 
\ EXPELIIMENTS WITH INDIVIDUAL MINERALS. Single mineral mounts 

in the heating-stage crucible yielded the expected products, that 
is, pyrite yielded pyrrhotite and troilite, calcite gave lime and 
carbon dioxide, and clays reacted under high temperature 
condtions to yield a silicate glass. 

EXPERIMENTS WITH PAIRS AND TRIPLETS OF KNOWhT MINERALS. In 
these experiments, known minerals were ground and placed in the 
heating- stage crucible in separate domains as pairs or triplets 
of minerals. The pairs and triplets were heated and the behavior 
at their boundaries observed. Table I11 lists the minerals used 
in pair mounts and the reaction products obtainerl by heating. 

, 

TABLE 111 

Mineral Pairs and Heating Products 

Mineral Pair tmax ( O C )  Products Identifieda- 
calcite-illite 1310 lime (CaO) 
calcite-kaolinite 1322 lime (CaO) 
calcite-montmorillonite 1285 (indeterminate) 
calcite-pyrite 1253 lime, pyrrhotite (Fel-xS), 

oldhamite (Cas) 
calcite-quartz 1467 quartz (Si02)! lime (CaO) 
illite-kaolinite 1410 mullite (A16Si2013) 

b 

illite-montmorillonite 
illite-montmorillonite 
i 1 1 it e -pyr i t e 
illite-quartz 
kaolinite-montmorillonite 

kaolinite-pyrite 
kaolinite-quartz 
montmorillonite-pyrite 
montmorillonite-quartz 
pyrite-quartz 

662 
1212 
1519 
1450 
1403 

1445 
1220 
1053 
1492 
1571 

(indeterminate)= b 
(indeterminate) 
pyrrhotite, troilite (FeS) 
quartz 
mullite (pooEly- 
crystalline) 
mu1 1 i te 
quartz 
(indeterminate) 
quartz 
quartz 

gotes : 
Only those products are listed which could be positively 
identified by XRD; no attempt is made here to deduce the com- 
gosition of amorphous products. 
XRD patterns for these heating products did not match any 
standard pattern closely; attempts to match with computer 
Eoutines produced results of low reliability. 
"Poorly crystalline" means that diffraction maxima were found 

corresponding to the indicated phase, but peaks were not sharp 
and did not have the correct relative intensities in all cases. 
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I 

1 Because the most reactive phases found in the experiments 
with pairs of minerals were clays, calcite, and pyrite, these 
were prepared in triplet mounts. In trials using either 1 

I montmorillonite or illite with calcite and pyrite, a liquid 
formed at the mutual boundary of the latter pair at 600 - 6S0°c. 
Pyrite and calcite had, of course, previously reacted and this 
liquid therefore occurred between the product phases pyrrhotite 
and lime. Subsequent x-ray analysis showed the presence of 
pyrrhotite, lime, and oldhamite. In both instances, the 
temperature of this reaction was lower than that obtained in the 
pair nount of calcite and pyrite, 1140°C. When kaolinite was in 
the mount with calcite arid pyrite, the same reaction occurred at 
750  - 760OC. 
presently understood, the diffcrenccs in reaction temperature 
with and without clay is considered siqnificant. 

these experiments was a darkening beginning with pyrite 
decompositon. This was more marked in the case of illite and 
montmorillonite. It is considered that in all cases, the clay 
mineral present formed a silicate glass, much like those found in 
fu rnace  slags, but having. perhaps, less oxygen. 

Though the fluxing action of t h e  clays io not 

The most obvious reaction of t h e  clays themse1,ves during 

SUPPORTING EXPERIMENTS. To examine the  effect of oxidizing 
and reducing atmosphere on these materials, graphite crucibles 
10mm in diameter and 5mni deep were packed in the same manner 
described above arid heated in a furnace f'itted to permit 
introduction of cor . t rol led gases during heating. After heating, 
the samples wers examined by scanning electron microscopy and 
energy dispersivc x-ray spectroscopy (SEMIEDS). Samples treated 
in this way are listed in Table IV. 

TAULE IV 

Sub.jsct5 of Supporting Experimcnts 

&xFLQJs.ag htr?.ospkre 
cil1 c i t e - kaol h i  t, e inert 
calcite-quartz inert 
pyr i tc- quart z oxidizing 
pyrite - quart z reducing 
pyr it e - ca 1 cite r educ in9 
pyrite-kaolinite oxidizing 
pyr i t e -  kao 1 i n i  t e reducing 
pyrite-montmori llonite inert 
pyrite-mont~orillonite reducing 
PY.-CJ~C. -kao. reducing 
py.-.calc.-mont. inert 
py . --calc. - m n t  . r edu c i r.q 

f(°C) 
1400  
1 4.0 0 
1 3 0 9  
1200 
1700 
1200 
12c0 

800 
n o 0  

1200  
800  
800 

Duration (min! 
60 
60 
3 0  
30 
30 
3 0  
30 
15 
15 
3 0  
1 5  
15 

NOTE: 
The indicated temperature was the steady-state temperature 
for the trial. The indicated duration was the period of 
timc for which that steady-state tcmperature was maintained. 
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In all these cases where pyrite was used with a clay, iron 
Was found to have migrated from the region that was originally 
iron sulfide into the clay. Element.al mapping showed the 
presence of iron to have completely pervaded the region formerly 
occupied by clay. In the calcite-pyrite pair mount, the iron was 
lost. EDS mapping showed the presencc of abundant calc:um and 
sulfur. but iron was present in small amount. In all mounts 
containing calcite and pyrite, the calcium and sulfur peaks w'?re 
present in the region originally occupied by calcite, and 
sometines founc! in the region thaL had been pyrite-f illed. 

SUMXARY AND CONCLUSIONS 

It is apparent that the phenomeria dc:icribed here are not 
complete processes terminating iri equilibrium assemblages. The 
times of reaction are too short for many of t h e  p r o d u c t s  of 
silicates such as clays and quartz to come to thermodynamic 
equilibrium at the new temperature. That this is indeed the case 
in operation of power-plant boilers is obvious from the 
consideration of the amount of glass iaund in furnace slags and 
f ly-ash. 

Illite and montmorillonite are similar in structure and 
differ slightly from Icaolinite in this regard. The first two are 
composed of two silicon-oxygen layers per octahedral layer 
containing iron, magnesiuz and aluminum and in kaolinite the 
ratio of tetrahedral and octahedrai layers is 1. In these 
crystals, thermal modification is easier because the boilds formed 
between the A1, Fe, and Mg atoms and oxygen are weaker than the 
Si-0 bonds. Clays. therefore are expected to be more reactive 
than the silica crystals. There is evidence that some glass is 
formed in the clay mineral domains during thermal treatrnent and 
that iron diffuses into the mass. Further inquiries are in 
progress to answer these questions. 

bOO°C in the presence of some of the clay miixrals and irxrt: 
until about 5OO0C in their absence. The cause of this fluxing is 
not wcll understood at this time, but investigations are planned 
to elucidate this behavior. A t  whatever temperature, the reaction 
observed is for the calcite to ,decompose to lime ( C a O )  and carbon 
dioxide. The extent to which carbon dioxide fluxes further 
reaction is not known, but must be considered as an important 
step in complete explanation. 

Like calcite, pyrite is quite reactive and its thermal 
behavior is influenced by the presence of clay minerals. The 
initial reaction temperature of pyrite alone or in the presence 
of calcite alone is to ptoduce pyrrhotite, (Fe,- S )  arid at the 
highest temperature, troilite (F'cS) . 
obvious and continues over an appreciable temperature range. T 

m e  most important reaction products are those of the iron 
enrichment of the clay minerals, probably a precursor of the iron 
oxide arid glass mixtures commonly observed in slags and 
fly-ashes, and the formation of the sulfide of calcium, 
oldhamite. That oldhamite is observed in all experiments where 
calcite and pyrite interact, dnd that anhydrite is observed only 
where they have reacted in the presence of an oxygen-rich 
atmosphere supports the conclusion that oldhamite, formed in the 
reducing part of a flame, is a necessary precursor to the 
formation of the sulfate, anhydrite. 

Calcite appears largely inert \inti1 temperatures approaching 

'The loss-o% sulfur is 
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FLAME VITRIFICATION AND SINTERING CHARACTERISTICS OF SILICATE ASH 

ERICH RAASK 

Technical Planning and Research Div is ion  of Cent ra l  E l e c t r i c i t y  Generating Board, 
Kelvin Avenue, Leatherhead, Sur rey ,  UK 

The s i l i c a t e  s p e c i e s  c o n s t i t u t e  t h e  b u l k  of t h e  minera l  
matter in most c o a l s ,  and the  format ion  of b o i l e r  d e p o s i t s  depends 
l a r g e l y  on t h e  p h y s i c a l  and pyrochemical changes of t h e  ash r e s i d u e  
c o n s t i t u e n t s .  In t h i s  work the  mode of occurence of c o a l  s i l i c a t e  
minera ls ,  and t h e  flame induced v i t r i f i c a t i o n  and sodium i n i t i a t e d  
s i n t e r i n g  mechanisms have been s t u d i e d .  The pulvers ized  c o a l  flame 
temperature is s u f f i c i e n t l y  h igh  t o  v i t r i f y  t h e  q u a r t z  p a r t i c l e s .  On 
cool ing  some d e v i t r i f i c a t i o n  occurs  and t h e  r a t e  of s i n t e r i n g  depends 
l a r g e l y  on t h e  r a t i o  of g l a s s y  phase t o  c r y s t a l l i n e  s p e c i e s  in the  
ash .  The flame v o l a t i l e  sodium captured  by  t h e  v i t r i f i e d  s i l i c a t e  
p a r t i c l e s  can i n i t i a t e  the  coalescence o f  depos i ted  a s h  by v i s c o u s  
f l o w  and the r a t e  of s i n t e r i n g  is markedly increased  by the a l k a l i -  
metal d i sso lved  in the  g l a s s y  phase. 

The flame impr in ted  c h a r a c t e r i s t i c s  of pu lver ized  c o a l  a s h  r e l e v a n t  t o  
b o i l e r  s lagging ,  c o r r o s i o n  and e r o s i o n  have been  d iscussed  previous ly  (1,2). The 
s i l i c a t e  minera ls  c o n s t i t u t e  between 60 and 90 per  c e n t  of a s h  in most c o a l s  and 
b o i l e r  d e p o s i t s  a r e  l a r g e l y  made up from the  s i l i c i o u s  impur i ty  c o n s t i t u e n t s .  
T h i s  work s e t s  out f i r s t  t o  examine t h e  mode of occurrence of the s i l i c a t e  
mineral  s p e c i e s  in c o a l  followed by a c h a r a c t e r i z a t i o n  assessment of the  flame 
v i t r i f i e d  and sodium enr iched  s i l i c a t e  a s h  p a r t i c l e s .  The a s h  s i n t e r i n g  s t u d i e s  
are l imi ted  t o  i n v e s t i g a t i o n s  of the r o l e  of sodium in i n i t i a t i n g  and s u s t a i n i n g  
t h e  bond forming r e a c t i o n s  lead ing  t o  the  format ion  of b o i l e r  d e p o s i t s .  

SILICA (QUARTZ) AND SILICATE MINERAL SPECIES IN COAL 

The q u a r t z  and a lumlno-s i l ica te  s p e c i e s  found in most c o a l s  c o n s t i t u t e  
t h e  bulk  of combustion a s h  r e s i d u e .  The a lumino-s i l ica tes  inc lude  muscovite and 
i l l i t e  which c o n t a i n  potassium, and k a o l i n i t e  s p e c i e s  (3.4,5,6). The s i l ica  
( S i 0 2 )  and alumina (A1203) as determined by chemical a n a l y s i s  a r e  present  in 
a lumino-s i l ica tes  on a n  average weight r a t i o  of 1.5 t o  1 a s  repor ted  by Dixon e t  
a l .  ( 6 ) .  
m a t t e r :  

The excess  of s i l i ca  r e p r e s e n t s  t h e  amount of q u a r t z  in c o a l  minera l  

( s i o z ) q  

Where ( S i 0 2 )  , (S i02) t  and (A1203)  denote r e s p e c t i v e l y  t h e  q u a r t z ,  t o t a l  
s i l i c a  and ajumina c o n t e n t s  of  ash .  

An approximate amount of potassium a lumino-s i l ica tes  i n  c o a l  m i n e r a l  
m a t t e r  can b e  obta ined  from t h e  potassium oxide (K20) conten t  of ash .  
of n o n - s i l i c a t e  potassium s p e c i e s  is smal l  in most c o a l s  and t h e  s i l i c a t e  
minera ls  conta in  on average  11 per  c e n t  K20 by  weight (6 ) .  
a lumino-s i l ica te  c o n t e n t  of coal minera l  mat te r  (KAL-sIL) by weight per  c e n t  is: 

The amount 

Thus t h e  potassium 

\ 

i 

j 
where K 2 0  denotes t h e  potassium oxide conten t  of ash .  
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The t o t a l  amount of s i l i c a t e  mine ra l s  equa l s  approximately the  sum of 
S i O 2 ,  A1203 and K 2 0  in a s h ,  and a n  e s t i m a t e  of k a o l i n i t e  s p e c i e s  is thus given 
by: 

Kao l in i t e  = (S i02  + A1203 + K 2 0 )  - (Quartz  + Potassium S i l i c a t e s )  

3) 

Table 1 g i v e s  the  S i 0 2 ,  A1203 and K 2 0  con ten t s  of some US and B r i t i s h  
bituminous coa l  ashes  (4,7) which were used t o  c a l c u l a t e  the approximate amounts 
of q u a r t z ,  potassium a lumino- s i l i ca t e  and k a o l i n i t e  s p e c i e s  i n  the mine ra l  
ma t t e r .  

Table 1: S i l i c a t e  Species  i n  Mineral Matter of B r i t i s h  and 

US Bituminous Coals 

Ash Cons t i t uen t s ,  Mineral Species ,  Weight Per 
Weight Per Cent of Ash Cent of the  t h e  T o t a l  

Type of Coal 
Si02 A1203 K 2 0  Quartz Pot .  Alum. K a o l i n i t e  

S i l i c a t e s  

Low S i l i c a  B r i t i s h  31.1 18.1 1.2 3.9 10.9 26.2 
us 29.2 14.2 1.5 7.9 13.6 23.6 

Medium S i l i c a  B r i t i s h  46.5 22.8 2.8 12.3 25.5 34.3 
us 46.6 27.8 1.1 4.9 10.0 60.6 

High S i l i c a  B r i t i s h  55.5 30.0 2.7 10.5 24.5 53.2 
us 56.5 32.2 2.6 8.0 23.6 59.7 

Table 1 shows t h a t  the k a o l i n i t e  s p e c i e s  c o n s t i t u t e s  up t o  60 per  c e n t  
of the  coa l  mineral  ma t t e r .  The amount of potassium a lumino- s i l i ca t e s ,  c h i e f l y  
muscovite and i l l i t e  is between 10 and 25 per  c e n t ,  and the qua r t z  con ten t  is 
u s u a l l y  below 12 per cent .  The a lumino- s i l i ca t e  mine ra l s  con ta in  f r e q u e n t l y  
iron, calcium, magnesium and sodium a s  p a r t  replacement for  potassium and p a r t l y  
incorporated in the  k a o l i n i t e  s t r u c t u r e .  Also, the s i l i c a t e  mine ra l s  occur as 
hydrated spec ies  with the  inhe ren t  water con ten t  of between 2 t o  5 per c e n t ,  t h u s  
the  s i l i c i o u s  mine ra l  con ten t s  a r e  l i k e l y  t o  be about 5 per c e n t  h ighe r  than 
those given in Table 1. 

The s i l i c a  and alumina con ten t s  of the  f i r s t  two samples a r e  
excep t iona l ly  low f o r  bi tuminous c o a l  ashes .  
s i l i c a  is  35 t o  55 per cent  and t h a t  of alumina is 20 t o  30 per cent  thus the 
a lumino- s i l i ca t e  s p e c i e s  toge the r  w i th  q u a r t z  c o n s t i t u t e  between 60 t o  90 per 
cent  of the bi tuminus c o a l  mine ra l  ma t t e r .  

The usua l  concen t r a t ion  range of 

The s i l i c a t e  s p e c i e s  occur i n  c o a l  c h i e f l y  as sepa ra t e  strata and l a r g e  
p a r t i c l e  i nc lus ions ,  and t h i s  mode of occurrence is termed the  “ a d v e n t i t i o u s ”  
mineral  mat ter .  Fig.  l a  shows a t y p i c a l  sample of the  a d v e n t i t i o u s  s i l i c a t e  
mine ra l  p a r t i c l e s ,  d e n s i t y  sepa ra t ed  from pu lve r i zed  coa l .  The d e n s i t y  
sepa ra t ion  technique does no t  remove the small  s i l i c a t e  p a r t i c l e s ,  c h i e f l y  
a lumino- s i l i ca t e  s p e c i e s  d i spe r sed  i n  the c o a l  substance (Fig. lb). The average 
a s h  content  of bi tuminous c o a l s  u t i l i z e d  i n  e l e c t r i c i t y  gene ra t ing  power s t a t i o n s  
i s  usua l ly  between 12 and 20 per cent  (4,8) and about one q u a r t e r ,  3 t o  5 per 
cent  f r a c t i o n  i s  p resen t  a s  the  inhe ren t  a s h .  
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The mine ra l  e lements  can be he ld  in the  c o a l  substance as organo-metal  
s a l t s ,  and a l s o  a s  a r e s u l t  of molecular adso rp t ion  and co-valent  bonding. 
mineral  spec ies  d i s so lved  i n  coa l  pore water, c h i e f l y  c h l o r i d e s  can a l s o  be 
considered a s  a p a r t  of t h e  inhe ren t  mine ra l  ma t t e r .  The l i g n i t e s  and sub- 
bituminous c o a l s  c a n  have a high f r a c t i o n  of the  mineral  e lements ,  c h i e f l y  
sodium, calcium and a l s o  aluminium and i r o n  chemical ly  combined i n  the f u e l  
substance (9,lO). The chemical r e a c t i v i t y  and p o r o s i t y  of the f u e l  ma t r ix  
decreases  with t h e  i n c r e a s e  of c o a l  age from l i g n i t e  t o  bi tuminous rank.  The 
loss of carboxyl ,  hydroxyl and quinone bonding s i t e s  in the  f u e l  ma t r ix  r e s u l t s  
i n  a low "chemical" mineral  ma t t e r  con ten t  of bi tuminous c o a l s .  

CHLORIDE I N  COAL PORE AND SEAM WATER 

The 

Chloride mine ra l s  a r e  r a r e l y  found in c o a l  i n  t h e  form of s o l i d  spec ies  
because of high s o l u b i l i t y  of sodium, calcium and t r a c e  metal  c h l o r i d e s  i n  coa l  
s t r a t a  waters. The " inhe ren t "  water con ten t  of c o a l  i s  r e l a t e d  t o  i t s  poros i ty  
and thus the moi s tu re  con ten t  of l i g n i t e  d e p o s i t s  can exceed 40 per  cent  
decreasing to  below 5 per cent  in f u l l y  matured bi tuminous coa ls  (11). 
Ch lo r ides ,  c h i e f l y  a s s o c i a t e d  with sodium and calcium c o n s t i t u t e  the  bu lk  of 
water-soluble matter in B r i t i s h  bi tuminous c o a l s  (12) and Skipsay (13) has found 
t h a t  the  d i s t r i b u t i o n  of c h l o r i n e  c o a l s  w a s  c l o s e l y  r e l a t e d  t o  the  s a l i n i t y  of 
mine waters .  Hypersal ine b r i n e s  wi th  c o n c e n t r a t i o n s  of d i s so lved  s o l i d s  up t o  
200 kg m-3 occur i n  s e v e r a l  of the  B r i t i s h  c o a l f i e l d s .  

The mode of formation of hype r sa l ine  b r i n e s  has  been d i scussed  by 
Dunham (14) concluding t h a t  the connate  wa te r s  were of marine o r i g i n  formed by 
the osmotic f i l t r a t i o n  through c l a y  and s h a l e  d e p o s i t s .  The s a l i n i t y  of the  
b r i n e  ground w a t e r s  i n c r e a s e s  wi th  depth and when they a r e  i n  con tac t  w i th  f u e l  
bea r ing  s t r a t a ,  correspondingly more c h l o r i d e  i s  taken up by the f u e l .  However, 
according t o  Skipsey (13) the  high rank bi tuminous coa ls  because of t h e i r  low 
poros i ty  a r e  unable  t o  take  up l a r g e  amounts of the  ch lo r ide  and a s s o c i a t e d  
c a t i o n s ,  and t h e  c h l o r i n e  content  r a r e l y  exceeds 0.2 per cent .  The c h l o r i n e  
content  of low rank  bituminous c o a l s  can r each  one per cent  and correspondingly 
the  sodium f r a c t i o n  a s s o c i a t e d  wi th  c h l o r i n e  w i l l  amount up t o  0.4 per cent  of 
c o a l .  That is, t h e  ash from a h igh  c h l o r i n e  c o a l  can con ta in  up t o  3 per  cent  of 
flame v o l a t i l e  sodium. The c h l o r i n e  con ten t  of l i g n i t e s  and sub-bituminous coa ls  
is usua l ly  low, below 0.1 per c e n t ,  and sodium is held c h i e f l y  in the  f u e l  
substance in the  form of organo-metal components (9,lO). 

A l l  c o a l s  c o n t a i n  some sodium combined in the  a lumino- s i l i ca t e  spec ies  
which W i l l  remain l a r g e l y  i n v o l a t i l e  in the  flame. The r a t i o  of t h e  s i l i c a t e  
sodium t o  non- s i l i ca t e  sodium v a r i e s  over a wide range.  The a lka l i -me ta l  is 
presen t  c h i e f l y  in the  s i l i c a t e s  in low c h l o r i n e  bi tuminous c o a l s ,  b u t  in the  
high ch lo r ine  bi tuminous c o a l s  and in many l i g n i t e s  and sub-bituminous c o a l s  i t  
is presen t  mainly in a flame v o l a t i l e  form. 

FLAME VITRIFICATION OF SILICA MINERALS 

A c h a r a c t e r i s t i c  f e a t u r e  of flame heated a s h  is t h a t  t h e  p a r t i c l e s  a r e  
s p h e r i c a l  i n  shape a s  shown in Fig .  2 .  The t r ans fo rma t ion  of the  angular  
s i l i c a t e  m i n e r a l  p a r t i c l e s  i n  pu lve r i zed  c o a l  t o  s p h e r i c a l  p a r t i c l e  a sh  is a 
r e s u l t  of the s u r f a c e  t e n s i o n  force  a c t i n g  on the  v i t r i f i e d  s p e c i e s .  The s t r e s s  
( f )  on a non-spherical  su r f ace  s e c t i o n  of t h e  p a r t i c l e  is: 

f = 2 y I p  4 )  

where Y i s  the  s u r f a c e  t ens ion  of g l a s s y  s i l i c a t e  and p i s  the  r a d i u s  of 
cu rva tu re .  It is ev iden t  from equa t ion  ( 4 )  t h a t  t h e  s t r e s s  is i n v e r s e l y  
p ropor t iona l  t o  t h e  r a d i u s  of cu rva tu re  and thus  the  sma l l  sharp-edged p a r t i c l e s  
a r e  f i r s t  to  take  a s p h e r i c a l  form. 
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par  t i c l e  

where 

and r is 

Frenkel  (15) has  shown t h a t  time ( t )  r equ i r ed  t o  t ransform an  angu la r  
t o  sphere is given t o  f i r s t  approximation by: 

r = r.ge-t/z 5)  

z = 4ntlro/y 6) 

the  d i s t a n c e  of a point  on the  o r i g i n a l  su r f ace  from t h e  c e n t e r  of a 
sphere of equ iva len t  volume having r a d i u s  r,,, 1) is the  v i s c o s i t y  and y is the  
sur face  tens ion .  

Equation 5 can be used t o  c a l c u l a t e  the  approximate t i m e  r equ i r ed  f o r  a 
p a r t i c l e  t o  assume a s p h e r i c a l  shape when the  s u r f a c e  t ens ion ,  v i s c o s i t y ,  size 
and i n i t i a l  shape of p a r t i c l e  are known. 
v i s c o s i t y  f o r  the change t o  take p lace ,  can be made when the  r e s idence  time of 
p a r t i c l e s  a t  a given temperature  is known. Table 1 g ives  the  c a l c u l a t e d  v a l u e s  
of v i s c o s i t y  when the t i m e  f o r  the  change is one second. It was  assumed t h a t  t h e  
th i ckness  of moving sur face  l a y e r  was about ten  per cent  of t h e  r a d i u s ,  and t h e  
sur face  t ens ion  of fused a s h  was taken t o  be 0.32 N a s  measured p rev ious ly  
(16) .  

A l t e r n a t i v e l y ,  an e s t i m a t e  of the  

Table 2: Ca lcu la t ed  V i s c o s i t i e s  f o r  Sphe r id i za t ion  of D i f f e r e n t  S ize  

S i l i c a t e  P a r t i c l e s  

P a r t i c l e  
Radius, pm 0.01 0.1 1 10 100 

v i s c o s i t y ,  
N m-2 2.5 x lo7 2.5 x lo6 2.5 x lo5 2.5 x l o 4  2.3 x 103 

Table 2 shows t h a t  the  small  i r r e g u l a r l y  shaped p a r t i c l e s  t ransform t o  
sphe res  in a c o a l  flame when the  v i s c o s i t y  of t h e  m a t e r i a l  is s e v e r a l  o r d e r s  
higher  than t h a t  r equ i r ed  f o r  bu lk  flow under g r a v i t y ,  which is about  25 N s mb2.  
A l abo ra to ry  technique was used t o  determine the  minimum temperature  a t  which 
c o a l  mineral  s p e c i e s  a r e  transformed t o  s p h e r i c a l  shapes (17) .  P a r t i c l e s  of 10 
t o  200 p in diameter  were introduced i n t o  a gas  s t ream and then passed through a 
v e r t i c a l  furnace.  The temperature  of the  fu rnace  was v a r i e d  from 1175 t o  2025 K 
and was measured by a r a d i a t i o n  pyrometer and by thermocouples placed in the  
furnace.  The r e s idence  t i m e  of p a r t i c l e s  in the  furnace was between 0.2 and 0.5 
sec .  depending on the  p a r t i c l e  s i z e .  

Fig. 3a shows a surface-fused s i l i c a t e  p a r t i c l e  heated t o  a temperature  
some 25 K lower than t h a t  r equ i r ed  f o r  i t s  s p h e r i d i z a t i o n .  Fig.  3b shows a 
spheridized p a r t i c l e  heated in t h e  l a b o r a t o r y  furnace.  Fig.  4 shows t h e  
temperature range a t  which the shape change of d i f f e r e n r  coa l  mine ra l  p a r t i c l e s  
occurred.  The c h l o r i t e  mine ra l  con ta in  some q u a r t z  and the two s p e c i e s  
sphe r id i zed  a t  markedly d i f f e r e n t  temperatures  a s  shown by curves D1 and D2. 

The temperature  of mineral  p a r t i c l e s  in the  pu lve r i zed  c o a l  flame 
exceeds 1800 K (F ig .  51, and i t  is t h e r e f o r e  t o  be expected t h a t  a l l  p a r t i c l e s  
w i th  the except ion of l a r g e  s i z e  qua r t z  w i l l  v i t r i f y  and change t o  s p h e r i c a l  
shapes. Fig. 6a shows a surface-fused b u t  non-spherical  q u a r t z  p a r t i c l e  found in 
a sample of f l y  a sh  captured in the  e l e c t r i c a l  p r e c i p i t a t o r .  
e l l i p s o i d a l  p a r t i c l e s  of a lumino- s i l i ca t e s  (F ig .  6b) can be found in the  a sh  
i n d i c a t i n g  t h a t  t h e  high temperature  r e s idence  t i m e  was s l i g h t l y  t o o  s h o r t  f o r  
complete sphe r id i za t ion .  However, the  m a j o r i t y  of the a s h  p a r t i c l e s  appear  t o  b e  
s p h e r i c a l  a s  shown in Fig.  2 .  

Occasional ly  
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The s p h e r i c a l  s i l i c a t e  a sh  p a r t i c l e s ,  when viewed a t  close-up range 
appear t o  hos t  a l a r g e  number of sub-micron p a r t i c l e s  a t  t h e  s u r f a c e  (F ig .  6 c ) .  
The microids  could b e  s i l i c a t e  c r y s t a l l o i d s  p r e c i p i t a t e d  from t h e  v i t r i f i e d  phase 
o r  sulphate  fume p a r t i c l e s  formed from the  non- s i l i ca t e  c o a l  mine ra l s  (18) .  The 
l a t t e r  a r e  s o l u b l e  i n  a d i l u t e  ac id  (HC1) s o l u t i o n  and Fig.  6d shows the  a c i d  
etched p a r t i c l e s .  C l e a r l y ,  most of the microid p a r t i c l e s  were d i s so lved  and the 
leach s o l u t i o n  con ta ined  sodium and potassium s u l p h a t e s .  

Another d i a g n o s t i c  t e s t  f o r  s i l i c a t e  a sh  is t o  t r e a t  the  p a r t i c l e s  w i t h  
hydro f luo r i c  (HF) a c i d  s o l u t i o n  (18 ,19 ,20 ) .  The a c i d  w i l l  d i s s o l v e  the g l a s s y  
phase r evea l ing  s k e l e t o n s  of c r y s t a l l i n e  spec ies  which may be i n  the  form of 
m u l l i t e  need le s  ( F i g .  6e)  o r  quar tz  c r y s t a l l o i d s  (F ig .  6 f ) .  The r a t i o  of the  
g l a s sy  phase t o  c r y s t a l l i n e  spec ies  v a r i e s  from p a r t i c l e  t o  p a r t i c l e  depending on 
t h e  o r i g i n a l  composi t ion of the s i l i c a t e  mine ra l s ,  the  cap tu re  of v o l a t i l e  sodium 
and the r a t e  of coo l ing  of t h e  f l u e  gas borne ash .  

The flame imprinted c h a r a c t e r i s t i c s  of s i l i c a t e  mineral  s p e c i e s  from 
t h e  point of view of subsequent  s i n t e r i n g  a r e  summarized i n  Table 3. 

Table 3: Flame V i t r i f i c a t i o n  and R e c r y s t a l l i z a t i o n  of S i l i c a t e s  

Const i tuent  P a r t i c l e  V i t r i f i c a t i o n  R e c r y s t a l l i z a t i o n  Glass  
Species  Tendency Content 

Temperature Extent  
Range, K 

Quartz 1700 t o  1900 Medium LOW Medium 

Kao l in i t e  1600 t o  1700 High High Medium 

Potassium 1400 t o  1600 High Low High 
Alumino-si l icates  

The r e l a t i v e  amount of c o a l  mineral  q u a r t z  su rv iv ing  in the  pulver ized 
f u e l  flame depends on t h e  p a r t i c l e  s i z e  and temperature .  
combustion of cyclone f i r e d  b o i l e r s  the  flame temperature  exceeds 2000 K and the 
qua r t z  p a r t i c l e s  of a l l  s i z e s  w i l l  v i t r i f y .  
c r y s t a l l i n e  form w i l l  s u r v i v e  the  flame t r e a t a e n t  i n  pu lve r i zed  c o a l  f i r e d  
b o i l e r s  and t h e  a s h  may con ta in  25 per  c e n t  of the  o r i g i n a l  c o a l  qua r t z  i n  the  
c r y s a l l i n e  form (21) .  

I n  the  i n t e n s e  

Some q u a r t z  p a r t i c l e s  i n  the  

The k a o l i n i t e  mineral  s p e c i e s  i n  c o a l  c o n t a i n  some sodium, calcium and 
i r o n  i n  the  c r y s t a l l i n e  s t r u c t u r e  (6)  and the  presence of f l u x i n g  me ta l s  enhances 
v i t r i f i c a t i o n  of the f lame heated p a r t i c l e s .  The high temperature  c r y s t a l l i n e  
form of k a o l i n i t e  s p e c i e s  is m u l l i t e  and the c h a r a c t e r i s t i c  needle  shapes of 
m u l l i t e  (F ig .  6e)  a r e  f r e q u e n t l y  found i n  l a r g e ,  above 5 p diameter  p a r t i c l e s .  
The m u l l i t e  needle  c r y s t a l s  i n  a s h  a r e  always embedded i n  a g l a s s y  phase of the 
l a r g e  p a r t i c l e s  and i t  appea r s  t h a t  the smal l ,  below 5 p diameter  p a r t i c l e s  of 
the  flame heated k a o l i n i t e  s p e c i e s  a r e  not  e x t e n s i v e l y  r e c r y s t a l l i z e d  on cooling. 
The c r y s t a l l i n e  s p e c i e s  of i l l i t e  and muscovite a r e  not  found in the  flame heated 
a s h  and thus  i t  is l i k e l y  t h a t  the  potassium a lumino- s i l i ca t e s  remain on cool ing 
l a r g e l y  i n  the  form of g l a s s y  p a r t i c l e s .  

The inhe ren t  s i l i c a t e  ash (Fig. l b )  w i l l  coa l e sce  on combustion f i r s t  
t o  a s i n t e r e d  ma t r ix  i n s i d e  the burning c o a l  p a r t i c l e  and a l s o  t o  small  s l a g  
g lobu les  a t  the  s u r f a c e  of coke r e s i d u e .  Fig.  7a shows the  s l a g  g lobu les  on a 
coke p a r t i c l e  s e p a r a t e d  from pulver ized c o a l  a sh  and Fig.  7b shows a l a c e  
ske le ton  of s i n t e r e d  a s h  i n  another  coke p a r t i c l e  r evea led  a f t e r  combustion a t  
900 K. 
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During combustion of t he  mine ra l  r i c h  c o a l  p a r t i c l e s  in t he  pu lve r i zed  
f u e l  flame ash  envelopes may b e  c r e a t e d  which can take  the form of cenospheres  as 
shown in Fig .  7c  and d.  The gas  bubble  evo lu t ion  l ead ing  t o  cenosphere formation 
has  been discussed previously (16,22) and the  f l y  a sh  usua l ly  con ta ins  between 
0.1 and 2 per cen t  by weight o f  t he  l i gh twe igh t  ash .  
p a r t i c l e s  may l eave  t h e  combustion a s h  r e s idue  a l s o  in the  form of p l e rosphe re  
(spheres-inside-sphere) a s  shown i n  F ig .  7e.  

The mine ra l  r i c h  c o a l  

The above examples show t h a t  the  inhe ren t  s i l i ca  ash p a r t i c l e s  
undergo ex tens ive  coalescence by s i n t e r i n g  and s l agg ing  du r ing  combustion of t h e  
hos t  c o a l  p a r t i c l e s .  However, the  a d v e n t i t i o u s  a s h  r e t a i n  the  p a r t i c l e  i d e n t i t y  
in the  flame and the  processes  of s i n t e r i n g  and s l agg ing  t ake  p lace  a f t e r  
depos i t i on  on b o i l e r  tubes .  

TRANSFER OF FLAME VOLATILE SODIUM TO SILICATES. 

The c o a l  sodium o r i g i n a l l y  p re sen t  a s  ch lo r ide  o r  organo-metal 
compounds is r a p i d l y  v o l a t i l i z e d  in t h e  pulver ized c o a l  flame (23) .  Subsequently 
the  v o l a t i l e  s p e c i e s  are p a r t l y  d i s so lved  i n  the  su r face  l a y e r  of f lame heated 
s i l i ca t e  p a r t i c l e s  and p a r t l y  sulphated i n  the  f l u e  g a s  (8 ) .  The formation of 
sodium su lpha te  can proceed v i a  two r o u t e s :  

Route 1 - In  t h e  F lue  Gas 

1 [ Z N a  + H20 + SO2 + 7 021+2HC1 + Na2S04 + Na2S04 
Fume 
P a r t i c l e s  gx + Vapour phase r e a c t i o n s  2NaX 

Route 2 - A t  t h e  Surface of Ash P a r t i c l e s  

[ Z N a  + H20]+2HCL + Na20 + Na20 + SO2 + + Na2SOk 2 2Nit + Vapour phase r e a c t i o n s  React ions a t  ash  s u r f a c e  

Route 1 f o r  genes i s  of sodium su lpha te  fume can b e  descr ibed as the  non-captive 
formation and rou te  2 a s  t he  cap t ive  formation.  

Some potassium su lpha te  can a l s o  be  formed v i a  t h e  two r o u t e s .  
Potassium is presen t  in c o a l  c h i e f l y  in t he  form of potassium a lumino- s i l i ca t e s  
(Table 1 )  and a l a r g e  p a r t  of the a lka l i -me ta l  w i l l  remain i n v o l a t i l e  in the  
flame heated s i l i c a t e  p a r t i c l e s .  Some 5 t o  20 per cen t  o f  t he  potassium is 
r e l eased  f o r  su lpha t ion  (24) which t a k e s  p l ace  p a r t l y  a t  t h e  s u r f a c e  of t he  
parent  p a r t i c l e s  (25) and p a r t l y  v i a  the  v o l a t i l i z a t i o n  r o u t e s  a s  desc r ibed  
above. However, sodium su lpha te  con ten t  of f l y  a s h  and chimney con ten t  of f l y  
a sh  and chimney s o l i d s  i s  always h ighe r  than  t h a t  of potassium su lpha te .  

The d i s t r i b u t i o n  of the flame v o l a t i l e  sodium between the  a sh  s i l i c a t e  
and su lpha te  phases is markedly in f luenced  by the  temperature and r e s idence  time 
of the  ash  p a r t i c l e s  i n  the  flame. The high temperature of l a r g e  b o i l e r  flame 
reduces the  v i s c o s i t y  of v i t r i f i e d  s i l i c a t e  p a r t i c l e s  and a s  a r e s u l t  a l a r g e  
f r a c t i o n  of t h e  v o l a t i l e  sodium i s  d i s so lved  in t he  s i l icate  phase.  On average 
60 per cent  of the  sodium is d i s so lved  i n  the  s i l i c a t e  a s h  p a r t i c l e s  (6)  t he  
remainder befng p resen t  a s  suphate  fume p a r t i c l e s  in the  f l u e  gas  (20) .  



THE MECHANISM AND MEASUREMENTS OF SODIUM ENHANCED SINTERING 

The format ion  of s i n t e r e d  a s h  d e p o s i t s  on b o i l e r  t u b e s  r e q u i r e s  f i r s t  a 
c l o s e ,  molecular d i s t a n c e  c o n t a c t  between t h e  p a r t i c l e s  followed by a growth of 
p a r t i c l e - t o - p a r t i c l e  b r i d g e s  c h i e f l y  by v iscous  flow. Sodium s u l p h a t e  phase 
toge ther  wi th  some potassium su lpha te  may p lay  a s i g n i f i c a n t  r o l e  i n  t h e  i n i t i a l  
s t a g e  of s i n t e r i n g  by b r i n g i n g  t h e  s i l i c a t e  p a r t i c l e s  t o g e t h e r  as a r e s u l t  o f  
s u r f a c e  tens ion .  Sodium s u l p h a t e  mel t s  a t  1157 K b u t  mixed a l k a l i - m e t a l  
s u l p h a t e s  can form a molten phase a t  lower tempera tures  (26). 

Once t h e  c l o s e  contac t  between the  s i l i c a t e  p a r t i c l e s  has  b e e n  
e s t a b l i s h e d  a v iscous  flow of  t h e  p a r t i c l e  s u r f a c e  laver can commence and t h e  
s i n t e r  bonds are e s t a b l i s h e d  according t o  Equation 7 is discussed  by Frenkel 
(15) :  

where x is t h e  r a d i u s  o f  neck growth between t h e  s p h e r i c a l  p a r t i c l e s  of r a d i u s  r ,  
y is t h e  s u r f a c e  t e n s i o n ,  q is t h e  v i s c o s i t y  of fused a s h ,  and t is t h e  t ime. 
The ( x / r ) 2  r a t i o  can b e  taken  a s  a c r i t e r i o n  of t h e  degree  of s i n t e r i n g ,  i . e .  t h e  
s t r e n g t h  of b o i l e r  d e p o s i t  (6) developed i n  t i m e  t ,  t h a t  is: 

8) 

and the  r a t e  of  d e p o s i t  s t r e n g t h  development is: 

d s  a 
d t  2qr  
- =  

where k is a c o n s t a n t .  

Equation 9 shows t h a t  t h e  r a t e  of a s h  s i n t e r i n g ,  i.e. t h e  development 
of  cohesive s t r e n g t h  of  a d e p o s i t  mat r ix  is p r o p o r t i o n a l  t o  t h e  s u r f a c e  t e n s i o n  
and i n v e r s e l y  p r o p o r t i o n a l  t o  the  v i s c o s i t y .  The s u r f a c e  t e n s i o n  and p a r t i c l e  
s i z e  a r e  not  markedly changed by d i s s o l u t i o n  of sodium, i r o n  o r  calcium oxides  in 
t h e  g l a s s y  phase of s i l i c a t e  ash .  However, t h e  v i s c o s i t y  is markedly changed by 
t h e  oxides.  I n  p a r t i c u l a r ,  a n  enrichment of sodium i n  t h e  s u r f a c e  l a y e r  of t h e  
s i l i c a t e  ash  p a r t i c l e s  can l e a d  t o  a h igh  r a t e  of s i n t e r i n g .  

Some of the  flame v o l a t i l e  sodium is d i s s o l v e d  i n  t h e  v i t r i f i e d  
s i l i c a t e  a s h  p a r t i c l e s  b e f o r e  depos i t ion  and a n  a d d i t i o n a l  amount of sodium is 
t r a n s f e r r e d  from the  s u l p h a t e  t o  s i l i c a t e  phases dur ing  s i n t e r i n g .  
between sodium s u l p h a t e  and s i l i c a t e s  a t  a s h  s i n t e r i n g  tempera tures  has  been 
monitored by thermo-gravimetric measurements. 
Table 4 .  

The r e a c t i o n  

Some of t h e  r e s u l t s  are g iven  i n  

Table 4 :  Weight Loss of Sulphates and S u l p h a t e / S i l i c a t e  Mixtures 

Sample 
Na2S04 Na2S04 CaSO, C+O, 

Na2S04 Kaolin Ash K Z I G  -iGli- 

Loss I n i t i a t i o n  1425 1085 1175 >1525 1275 1275 
Temperature, K 

Anhydrous s u l p h a t e  samples and the  s u p h a t e / s i l i c a t e  mixtures  (50 per c e n t  by 
weight su lpha te)  were hea ted  i n  a i r  a t  the  r a t e  of 6 K per  minute. 
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The r e s u l t s  i n  Table 4 show t h a t  t h e  r e a c t i o n  between sodium s u l p h a t e  
and k a o l i n  commenced a t  1085 K wi th  t h e  r e l e a s e  of SO2 and SO3 

A1203 + xNa2SOq + xNa20.A1203.2Si02 + x(S02, SO3) 10) 

A t y p i c a l  bituminous c o a l  a s h  requi red  a h igher  temperature of 1175 K f o r  t h e  
su lpha te  decomposition r e a c t i o n .  

The t r a n s f e r  of sodium from t h e  s u l p h a t e  of s i l i c a t e  phase w i l l  r educe  
t h e  v i s c o s i t y  of the  g l a s s y  m a t e r i a l  r e s u l t i n g  i n  an  enhanced r a t e  of  s i n t e r i n g .  
A t  higher tempera tures ,  above 1275 K ,  calcium s u l p h a t e  s ta r t s  t o  d i s s o c i a t e  i n  
t h e  preence of k a o l i n  and thus  calcium oxide w i l l  b e  a v a i l a b l e  f o r  t h e  s i n t e r i n g  
r e a c t i o n s .  The s p e c i f i c  r o l e s  of c o a l  calcium and a l s o  t h e  i r o n  minera l  s p e c i e s  
in ash  s i n t e r i n g  and s l a g  formation have been d iscussed  previous ly  ( 2 ) .  

The s i n t e r i n g  r a t e s  of b i tuminous ,  sub-bituminous and l i g n i t e  c o a l  
ashes  of d i f f e r e n t  sodium c o n t e n t s  can b e  determined by t h e  e l e c t r i c a l  
conductance measurements. 
is measured and i t  is an  i n d i c a t i o n  of the  degree of s i n t e r i n g  (27) .  The sodium 
ions  i n  the  low v i s c o s i t y  g l a s s  and molten s u l p h a t e  a r e  the  conductive s p e c i e s  
and the  conductance c o n t i n u i t y  is provided by t h e  s i n t e r  b r i d g e s  between t h e  
p a r t i c l e s .  

I n  t h i s  method t h e  conductance a c r o s s  an  a s h  compact 

Fig. 8 (curve B) shows t h a t  sub-bituminous c o a l  a s h  of h igh  (6.3 per  
c e n t )  sodium oxide c o n t e n t  commenced s i n t e r i n g  a t  1100 K a s  determined by t h e  
conductance measurements. The r e s u l t s  (27) suggest t h a t  the  amount of sodium i n  
some ashes  a r e  s u f f i c i e n t l y  high b o t h  t o  i n i t i a t e  and s u s t a i n  a r a p i d  rate of 
s i n t e r i n g  below 1200 K. I n  c o n t r a s t ,  wi th  low sodium c o a l s  t h e  rate of ash  
s i n t e r i n g  and t h e  format ion  of b o i l e r  d e p o s i t s  a r e  r e l a t e d  t o  t h e  calcium and 
i r o n  c o n t e n t s  of c o a l  minera l  mat te r .  Severa l  e m p i r i c a l  formulae have been 
proposed f o r  p r e d i c t i n g  t h e  depos i t  forming propens i ty  of t h e  l i g n i t i c  and 
bituminous c o a l  type ashes  based on t h e  sodiu  c o n t e n t  (28) .  These formulae 
i n d i c a t e  t h a t  a r a p i d  build-up of b o i l e r  d e p o s i t  is t o  b e  expected when sodium 
(Na20) conten t  of bituminous c o a l  exceeds 2.5 per  c e n t ,  and t h a t  of l i g n i t e  and 
sub-bituminous c o a l  a s h e s  is above 4 per  c e n t .  

The l i g n i t e  type ashes  have comparatively low f o u l i n g  propens i ty  when 
t h e  sodium content  is below 4 per  c e n t  because of t h e  l i m i t e d  amount of c l a y  
minera ls  a v a i l a b l e  f o r  s i n t e r i n g  r e a c t i o n .  That is, i n  some l i g n i t e  and sub- 
bituminous c o a l s  t h e r e  is an  excess  of sodium and calcium a v a i l a b l e  f o r  the  h igh  
temperature r e a c t i o n s ,  and the  rate of d e p o s i t  formation depends on t h e  s i l i c a t e  
conten t  of a s h  (2 ,9 ,30) .  The bituminous c o a l  type a s h  has  a n  excess  of  
s i l i c a t e s ,  i . e .  the  ash  is pyrochemically a c i d i c  and t h e  r a t e  of s i n t e r i n g  
depends on the  a v a i l a b i l i t y  of sodium, calcium and i r o n  s p e c i e s  i n  t h e  flame 
heated d e p o s i t  m a t e r i a l .  

The formation of s i n t e r e d  a s h  d e p o s i t s  is governed c h i e f l y  b y  v i s c o u s  
flow, and t h e  r a t e  of s i n t e r i n g  (S,) can  b e  expressed  i n  terms of t h e  r a t i o  of 
g l a s s y  m a t e r i a l  t o  c r y s t a l l i n e  s p e c i e s  of s i l i c a t e  a s h  (R g/c) and t h e  v i s c o s i t y  
of the  g l a s s y  phase (q): 

where K is a cons tan t .  The c h a r a c t e r i s t i c s  of flame heated s i l i c a t e  p a r t i c l e s ,  
(Fig.  4 and Table 3 i n  Sec t .  4 )  sugges t  t h a t  t h e  v i t r i f i e d  potassium alumino- 
s i l i c a t e  p a r t i c l e s  and the  below 5 p diameter k a o l i n i t e  p a r t i c l e s  are f i r s t  t o  
s i n t e r  a f t e r  d e p o s i t s .  The p a r t i c l e s  w i l l  have a h igh  g l a s s  c o n t e n t  and t h e  
small s i z e  enhances s i n t e r i n g  as e v i d e n t  from e q u a t i o n  (10) .  It is t h e r e f o r e  t o  
b e  expected t h a t  t h e  presence of f l o o r  material (6)  should enhance s i n t e r i n g  and 
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l a r g e  p a r t i c l e  q u a r t z  p a r t i c l e s  would r e t a r d  the depos i t  formation.  This  a p p l i e s  
i n  the  absence of l a r g e  concen t r a t ions  of t h e  flame v o l a t i l e  sodium, and non- 
s i l i c a t e  calcium and i r o n  compounds. The f l u x  m a t e r i a l  oxides  w i l l  b o t h  i n c r e a s e  
the  ash g l a s s  con ten t  and reduce the  v i s c o s i t y  f o r  s i n t e r i n g ,  Equation 11, and 
the composition of o r i g i n a l  s i l i c a t e  s p e c i e s  i s  l e s s  important .  

CONCLUSIONS 

S i l i c a t e  Minerals  i n  Coal 

The s i l i c a t e  m i n e r a l s ,  k a o l i n i t e  and potassium a lumino- s i l i ca t e  s p e c i e s  
toge the r  w i th  quar tz  c o n s t i t u t e  the bu lk  of mine ra l  matter i n  most c o a l s .  The 
approximate amounts of d i f f e r e n t  s i l i c a t e  s p e c i e s  of the  bi tuminous c o a l  mine ra l  
ma t t e r  can b e  e s t ima ted  from a s h  a n a l y s i s .  

Flame V o l a t i l e  and S i l i c a t e  Sodium i n  Coal 

Sodium is r a p i d l y  v o l a t i l i z e d  i n  t h e  flame when i t  occurs  in a non- 
s i l i c a t e  compound form, c h i e f l y  a s soc ia t ed  wi th  c h l o r i n e  i n  bi tuminous c o a l s  and 
combined wi th  o rgan ic  compounds i n  the  l i g n i t e  and sub-bi tuminous f u e l s .  The 
f r a c t i o n  of sodium combined wi th  coal  s i l i c a t e s  remains l a r g e l y  i n v o l a t i l e  i n  the 
pulver ized f u e l  flame. 

Flame V i t r i f i c a t i o n  and Sphe r id i za t ion  of S i l i c a t e  P a r t i c l e s  

The a lumino- s i l i ca t e  p a r t i c l e s  v i t r i f y  and take  a s p h e r i c a l  shape i n  
t h e  flame and a r e  p a r t i a l l y  r e c r y s t a l l i z e d  on cool ing.  Micro-needles of m u l l i t e  
up t o  10 p long and c r y s t a l l o i d s  of qua r t z  a r e  t h e  p r i n c i p a l  d e v i t r i f i c a t i o n  
products enveloped in a g l a s s y  m a t e r i a l  ma t r ix .  Large qua r t z  p a r t i c l e s  
o r i g i n a l l y  p re sen t  in c o a l  a r e  only sur face  v i t r i f i e d  and do not  sphe r id i ze  i n  
t h e  flame. The coa le scence  by s i n t e r i n g  and fus ion  of the  sma l l  a lumino- s i l i ca t e  
p a r t i c l e s  d i spe r sed  i n  t h e  f u e l  substance occurs  when the hos t  c o a l  p a r t i c l e s  
bu rn  i n  the  flame. The p roduc t s  a r e  s i n t e r e d  a sh  s k e l e t o n s ,  censopheres  and 
plerospheres  up t o  250 pm i n  diameter .  

Sodium Trans fe r  t o  S i l i c a t e  and Sulphate  Phases 

The flame v o l a t i l e  sodium i s  p a r t l y  d i s so lved  i n  t h e  su r face  l a y e r  of 
v i t r i f i e d  s i l i c a t e  a s h  p a r t i c l e s  and p a r t l y  sulphated.  The s u l p h a t e  p a r t i c l e s ,  
0.1 t o  2 p i n  diameter  can  form on the  s u r f a c e  of a sh  p a r t i c l e s  or i n  t h  f l u e  
gas  v i a  vapour phase r e a c t i o n s  followed by sub l ima t ion  on coo l ing .  Some 
potassium su lpha te  i s  a l s o  formed from a f r a c t i o n  of the  a l k a l i - m e t a l  r e l e a s e d  on 
v i t r i f i c a t i o n  of potassium a l u m i n o - s i l i c a t e s  i n  the  flame. 

I n i t i a l  Stage i n  Ash S i n t e r i n g  

The su lpha te  phase can  i n i t i a t e  ash s i n t e r i n g  by b r i n g i n g  the s i l i c a t e  
p a r t i c l e s  t o  c l o s e  c o n t a c t  as a r e s u l t  of t h e  su r face  t e n s i o n  force .  Subsequent 
s i n t e r i n g  proceeds by v i scous  f low and the  r a t e  of s i n t e r  bond growth i s  
p ropor t iona l  t o  t h e  s u r f a c e  t ens ion  of s i l i c a t e  g l a s s y  phase and i n v e r s e l y  
p ropor t iona l  t o  the  p a r t i c l e  s i z e  and the  v i s c o s i t y .  The l a t t e r  changes 
exponen t i a l ly  with temperature  and thus the  v i s c o s i t y  of s i l i c a t e  a s h  p a r t i c l e s  
governs the  r a t e  of s i n t e r i n g  a t  d i f f e r e n t  temperatures .  

Decomposition of Su lpha te  OII S i l i c a t e  Ash S i n t e r i n g  

Sodium s u l p h a t e s  in t h e  i n i t i a l  m a t e r i a l  depos i t ed  on b o i l e r  tubes w i l l  
be  decomposed by the  pyrochemical ly  a c i d i c  s i l i c a t e s  i n  a sh  when the  depos i t  
temperature exceeds 1085 K.  The t r a n s f e r  of sodium from the su lpha te  t o  s i l i c a t e  
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phaw reduces t h e  v i s c o s i t y  of t h e  g l a s s y  m a t e r i a l  of s i l i c a t e  a s h  t h u s  
increas ing  the  r a t e  of s i n t e r i n g .  

S i n t e r i n g  of High Sodium Coal Ashes 

Some l i g n i t e  and sub-bituminous c o a l  a s h  c o n t a i n  s u f f i c i e n t l y  h igh  
q u a n t i t i e s  of the  flame v o l a t i l e  sodium t o  i n i t i a t e  and subsequently t o  s u s t a i n  a 
h igh  r a t e  of a s h  s i n t e r i n g  leading  t o  a r a p i d  build-up of b o i l e r  d e p o s i t .  
most bituminous c o a l  ashes  t h e  v o l a t i l e  sodium plays  a r o l e  in i n i t i a t i n g  
s i n t e r i n g  b u t  t h e  subsequent d e p o s i t  and s l a g  format ion  depends l a r g e l y  on t h e  
presence of calcium and i r o n  f l u x  oxides .  In g e n e r a l  terms, t h e  rate of a s h  
s i n t e r i n g  is governed by the  r a t i o  of  g l a s s y  m a t e r i a l  t o  c r y s t a l l i n e  s p e c i e s  and 
t h e  v i s c o s i t y  of t h e  g l a s s y  phase. 

With 
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28 pm 10 pm 

(a) ADVENTITIOUS (b) INHERENT-WHITE PARTICLES 

FIG. 1 MINERAL MATTER IN COAL 

20 urn 

FIG'.2 PULVERIZED COAL ASH 

20 pn (b) 20 yrn 
FIG. 3 SURFACE FUSED (a) AND SPHERBDIZED (b) SILICATE PARTICLES 
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25 ym 

(a) UNFUSED QUARTZ PARTICLE (b) ELONGATED SILICATE PARTICLES 

1.5 pm 1.5 pn 

(c) MICROIDS ON ASH (d) ACID CLEANED ASH 

2 urn 

(e) MULLITE NEEDLES IN ASH (f) QUARTZ CRYSTALLOIDS 

FIG. 6 DIAGNOSTIC FEATURES OF FLAME HEATED ASH 
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(a) ASH PARTICLES ON COKE (b) ASH SKELETON IN COKE 

(c) CENOSPHERES (d) FRACTURED CENOSPHERE 

(e) PLEROSPHERE 25 urn 

FIG. 7 COALESCENCE PRODUCTS OF INHERENT ASH I N  FLAME 
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FIG.8 SIMULTANEOUS SHRINKAGE AND CONDUCTANCE MEASUREMENTS 
LEIGH CREEK (AUSTRALIA) COAL ASH 

A - SHRINKAGE 

B - CONDUCTANCE 
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VISCOSITY OF SYNTHETIC COAL ASH SLAGS 
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INTROOUCTION 

I 

I 

Coal used f o r  energy conversion conta ins a considerable amount o f  minera l  
matter. During the conversion process the  mineral mat ter  i s  heated, and i n  the  
h igher  temperature reactors  i s  converted t o  a molten ma te r ia l  which f lows from t h e  
reac to r  a t  a r a t e  dependent on the  v i s c o s i t y  o f  t he  slag. I n  s tud ies  o f  coal 
slags obtained from e l e c t r i c  u t i l i t y  b o i l e r s  (1.2.3) t h i s  behavior  has been 
s tud ied  and c o r r e l a t i o n s  have been determined between the  v i s c o s i t y  o f  t h e  s lag  
and the  chemical composition. These s tud ies  have been c a r r i e d  out i n  a range o f  
gaseous environments t y p i c a l  o f  the combustion furnace w i t h  a range o f  oxygen con- 
cen t ra t i ons  from almost zero t o  15%. 

The purposes o f  t h i s  study inc luded a determinat ion o f  the v i s c o s i t y  behavior 
o f  syn the t i c  slags over a range o f  compositions and temperatures c h a r a c t e r i s t i c  o f  
s lagging g a s i f i e r  operation. The composit ions were chosen t o  be broadly  repre-  
sen ta t i ve  o f  a range o f  coals  from both the  eastern and western U.S. The 
temperatures were chosen t o  be i n  t h e  range o f  s a t i s f a c t o r y  g a s i f i e r  operat ion,  
and w i t h i n  the l i m i t s  o f  the experimental equipment. The gaseous environments 
were se lected t o  have the low oxygen p a r t i a l  pressure (about 10-8 t o  10-9 atm) 
t y p i c a l  o f  the s lagging g a s i f i e r .  

The v i s c o s i t y  data were t o  be used as i npu t  f o r  an associated r e f r a c t o r y /  
s lag  corros ion program. Accordingly, the data obta ined f o r  the f i r s t  few s lags  
were compared w i t h  c o r r e l a t i o n s  developed by Watt and Fereday (1,2) based on 
chemical composition and by Hoy, Roberts and Wi l l iams (3), us ing  a mod i f i ed  
vers ion o f  the s i l i c a  r a t i o .  I n  order  t o  s i m p l i f y  the systems f o r  study, the 
syn the t i c  slags were l i m i t e d  t o  the f i v e  components: SiO2, A1203, FeO, CaO and 
MgO. Since they contained no Na20 o r  K20, the s lag  composit ions were outs ide t h e  
range o f  the e a r l i e r  co r re la t i ons .  I f  t h i s  d i f f e r e n c e  was neglected, then t h e  
composit ion o f  a l l  but  f o u r  o f  the s y n t h e t i c  s lags used i n  t h i s  program f e l l  
outs ide the range o f  the composit ions f o r  which the  c o r r e l a t i o n s  were developed 
(10% A1203 o r  0% MgO o r  low s i l i c a  r a t i o  o r  h igh  Si02/A1203 r a t i o )  and the  
c o r r e l a t i o n s  d i d  not, i n  general. represent the  data obtained f o r  t h e  s y n t h e t i c  
slags. 

EXPERIMENTAL 

Slag: The v i s c o s i t i e s  o f  21 syn the t i c  slags, cover ing the  range o f  composi- 
t i o n s  expected i n  s lags  der ived from American coals  were determined i n  t h i s  
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study. The s y n t h e t i c  s lags were prepared from reagent grade chemicals. The 
syn the t i c  s lags were mixed w i t h  water and pressed i n t o  p e l l e t s  us ing a pressure o f  
15000 psig. The p e l l e t s  had a s l i g h t l y  smal ler  diameter than t h a t  o f  the con- 
tainment c ruc ib le .  The composit ion o f  t he  s lags i s  given i n  Table 1. 

Viscometer: The apparatus and technique have been described i n  d e t a i l  (4). 
E s s e n t i a l l y  a B r o o k f i e l d  Rheolog(TM) was used t o  rep lace the sample head i n  the  
r o t a t i n g  c y l i n d e r  s l a g  co r ros ion  apparatus used i n  s l a g / r e f r a c t o r y  co r ros ion  
s tud ies at  ANL (5). Appropr ia te seals  and ceramic s t r u c t u r a l  components permi t  
maintenance of  t h e  des i red  low oxygen a c t i v i t y  w i t h i n  the measuring chamber. The 
v i s c o s i t y  measuring "bob" was a c y l i n d e r  12.7 inn d!ameter and 11.1 inn high. For 
measurement a t  lower oxygen p a r t i a l  pressures t h e  bob" and connecting sha f t  were 
fab r i ca ted  of molybdenum; i n  an a i r  environment the molybdenum was replaced by 
plat inum. The s l a g  was conta ined i n  A1203 c ruc ib les .  The "bob" and measuring 
system were c a l i b r a t e d  a t  room temperature us ing  a se r ies  o f  NBS o i l s  ranging from 
10 t o  600 poise. 

Procedure: V i s c o s i t y  measurements were u s u a l l y  made i n  a decreasing temper- 
a tu re  mode a t  50 C. i n t e r v a l s  a f t e r  t h e  s lag  sample had been s lowly  heated t o  the 
des i red temperature, t y p i c a l l y  about 1400-1550 C. The s lag  was kept a t  each 
temperature long enough t o  demonstrate constant v i s c o s i t y  (about 30-60 minutes). 
I n  one case, s l a g  12, measurements were a l so  made i n  an i nc reas ing  temperature 
mode t o  determine i f  t h e r e  were hys te res i s  e f f e c t s .  None were observed i n  t h i s  
s l a g  and o the r  work conf i rmed t h i s  (4). Measurements made i n  other  l abo ra to r ies  
w i t h  other  slags have shown hys te res i s  ( 6 ) .  The desi red oxygen p a r t i a l  pressure 
was maintained by f l o w i n g  H2-C02-N2 ( o r  A) mix tures o f  t he  requi red composition 
through the  i n t e r i o r  o f  t he  measuring chamber throughout the experiment. The 
v a r i a t i o n  of oxygen p a r t i a l  pressure w i t h  gas composit ion and temperature was 
ca l cu la ted  us ing a NASA-developed code (4). 

RESULTS AND DISCUSSION 

The data ob ta ined  were p l o t t e d  as v i s c o s i t y  versus temperature f o r  the 
d i f f e r e n t  ma te r ia l s  and d isp layed the  expected exponential increase i n  v i s c o s i t y  
as the temperature decreased. I n  most o f  t he  runs a c h a r a c t e r i s t i c  sudden 
increase i n  v i s c o s i t y  was noted, as i n  some r e l a t e d  s tud ies (1,3). Some t y p i c a l  
r e s u l t s  are shown and compared w i t h  the Watt-Fereday and modi f ied s i l i c a  r a t i o  
p ro jec t i ons ,  assuming a l i q u i d  phase, i n  Figures 1 and 2, (s lags 1 8 12). 

To understand t h e  Newtonian c h a r a c t e r i s t i c s  o f  t h e  slags, p l o t s  o f  logar i thm 
o f  v i s c o s i t y  versus temperature were made. These ind i ca ted  s t r a i g h t  l i n e s  o r  two 
l i n e  segments. For runs w i t h  a sudden increase i n  v i s c o s i t y  a t  lower temper- 

types of non-Newtonian behavior were not explored. The observed s t r a i g h t  l i n e s  
are consis tent  w i t h  Newtonian behavior. 

Arrhenius p l o t s  were then made. These p l o t s  t y p i c a l l y  i nvo l ve  the  logar i thm 
of a r a t e  constant and the rec ip roca l  o f  t h e  absolute temperature. V i scos i t y  i s  
n o t  a r a t e  parameter, but  i s  def ined as the  shear s t ress  d i v ided  by the  shear 
ra te.  The rec ip roca l  o f  t he  v i s c o s i t y  i s  t he  shear r a t e  per  u n i t  shear s t ress  and 
was used i n  the  p l o t s .  A t y p i c a l  example i s  shown i n  F igure 3. S lag 1 shows a 
t y p i c a l  high temperature low a c t i v a t i o n  energy regime w i t h  a t r a n s i t i o n  t o  a h igh 
a c t i v a t i o n  energy, low temperature regime. Th is  behavior was noted i n  most o f  the 
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atures, two segments were observed. Shear ra tes  were not var ied and the various t 
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runs. The other  behavior was, as i n  the case of  s lag  12, a s i n g l e  s t r a i g h t  l i n e  
cover ing the range o f  the data. The slopes and a c t i v a t i o n  energies fo r  runs 
w i thou t  t he  t r a n s i t i o n  tended t o  be in termediate i n  the  range o f  t h e  values f o r  
runs w i t h  the t r a n s i t i o n .  

I n  order t o  compare t h e  v i s c o s i t y  behavior o f  t he  d i f f e r e n t  composit ions f o r  
the h igher  temperature regime and the  s lags w i t h  no t r a n s i t i o n s ,  separate p l o t s  
superimposing the  sample se r ies  w i t h  a constant weight % Si02 were made and are 
shown i n  F igures 4,5 and 6. Note the  v e r t i c a l  change i n  scale i n  F igu re  6. The 
s o l i d  p o r t i o n  o f  t he  l i n e s  represents the  actual  range o f  data. The dashed p a r t  
o f  t he  l i n e s  was added t o  f a c i l i t a t e  v isual  comparison. Examination o f  t h e  p l o t s  
shows two general tendencies. The rec ip roca l  v i s c o s i t i e s  or  f l u i d i t i e s  tend t o  
increase f o r  se r ies  w i t h  l esse r  amounts o f  Si02 i n  them. Although t h e  envelopes 
o f  data are broad, t h i s  observat ion can be made. A d d i t i o n a l l y ,  f o r  a g iven se r ies  
w i t h  a f i x e d  weight % Si02. t h e  f l u i d i t i e s  are g rea te r  f o r  t he  lower  amounts o f  
A1 203. 

A s i m i l a r  study o f  the lower temperature regime w i l l  be made l a t e r .  

A c t i v a t i o n  energies and t h e  temperature range o f  data are g iven i n  Table 2. 
I n i t i a l  s t a t i s t i c a l  analyses have not  shown a s t rong  c o r r e l a t i o n  o f  a c t i v a t i o n  
energies w i t h  any o f  t he  s lag  cons t i t uen ts .  

A wide range o f  a c t i v a t i o n  energies w i t h  very h igh  values was obtained f o r  
the lower temperature regime. The t r a n s i t i o n  from the  h igher  t o  the  lower temper- 
a tu re  regime genera l l y  occurred i n  the  1300-1400 C range. I n  order t o  i n t e r p r e t  
the data the  te rna ry  e q u i l i b r i u m  phase diagrams f o r  the systems Si02-Al203-MO were 
examined where MO i s  e i t h e r  CaO, FeO, o r  MgO. The mole f r a c t i o n s  o f  each o f  t he  
cons t i t uen ts  were ca l cu la ted  as a l s o  shown i n  Table 2, and the  t e r n a r y  diagram 
corresponding t o  the  major base i n  the  group CaO. FeO o r  MgO was selected. 
Usual ly  a te rna ry  e u t e c t i c  was found i n  the  temperature reg ion which would be 
expected f o r  a system most c lose ly  corresponding t o  the sample composit ion. Th is  
e u t e c t i c  temperature was c lose  t o  the observed t r a n s i t i o n  temperatures i n  t h e  
v i s c o s i t y  data. Many o f  the h ighest  temperatures used were s i g n i f i c a n t l y  below 
those associated w i t h  the  appearance o f  a s o l i d  phase from the melt.  Th is  s o l i d  
phase could have been present through the  e n t i r e  se r ies  o f  measurements on the  
slag. 

CONCLUSIONS 

A ser ies o f  21 syn the t i c  coal ash s lags were studied. It was observed t h a t :  
(1)  P lo ts  of  the l oga r i t hm o f  v i s c o s i t y  versus temperature showed one or  two 
s t r a i g h t  l i n e  segments, i n d i c a t i n g  Newtonian behavior i n  the  temperature range 
studied. (2 )  P l o t s  o f  the l oga r i t hm o f  t h e  rec ip roca l  o f  v i s c o s i t y  versus 
rec ip roca l  o f  absolute temperature a l so  showed one o r  two s t r a i g h t  l i n e  segments, 
i n d i c a t i n g  one o r  two mechanisms were opera t i ve  over the  temperature range. (3)  
For  three series, vary ing i n  Si02 content, those w i t h  t h e  g rea tes t  Si02 content 
had the highest v i s c o s i t i e s .  (4)  W i th in  a se r ies  o f  given Si02 content ,  those 
members w i t h  the h ighest  A1203 content had the  h ighest  v i scos i t y .  ( 5 )  For s lags 
e x h i b i t i n g  a t r a n s i t i o n  i n  behavior, the t r a n s i t i o n  temperature could u s u a l l y  be 
associated w i t h  a te rna ry  e u t e c t i c  temperature i n  the phase e q u i l i b r i u m  diagram 
for  the most c lose ly  r e l a t e d  te rna ry  system. (6) Many o f  the s lags probably had a 
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s o l i d  phase p r e c i p i t a t i n g  from the l i q u i d  phase du r ing  t h e  coo l i ng  p e r i o d  before 
t h e  t r a n s i t i o n  temperature. 

ACKNOWLEDGMENTS 

The authors g r a t e f u l l y  acknowledge the  support o f  t he  U. S. Department o f  
Energy. KSV acknowledges support from the Chemical Sciences D i v i s i o n  o f  the 
O f f i c e  o f  Basic Energy Sciences, w h i l e  SG acknowledges support from the  Surface 
G a s i f i c a t i o n  Ma te r ia l s  Program. 

REFERENCES 

1. J. D. W a t t  and F. Fereday, "The Flow Proper t i es  o f  the Slags Formed from 
t h e  Ashes of B r i t i s h  Coals,; Par t  I .  Viscos i t y  o f  Homogeneous L i q u i d  Slags i n  
Re la t i on  t o  Slag Composit ion , J. I n s t .  Fuel 42, 101 (1969). 

2. J. D. W a t t ,  "The Flow Proper t i es  o f  Slags Formed ,prom the Ashes o f  B r i t i s h  
Coals. Pa r t  2. The C r y s t a l l i z i n g  Behavior o f  the Slags , J. I n s t .  Fuel 42, 131 
(1969). 

3. H. R. Hoy, A. G. Roberts, and D. M. Wil l iams, "Behavior o f  Minera l  Mat ter  
i n  Slagging G a s i f i c a t i o n  Processes", I G E  Journal  5, 444 (1965). 

4. J. Chen, S. Greenberg, and R. Poeppel, "The V i s c o s i t y  o f  Coal Slags as a 
Function o f  Composition, Temperature and Oxygen P a r t i a l  Pressure", ANL/FE-83-30 
( i n  press). 

5. S. Greenberg, R. Poeppel e t  al,  "The Corrosion o f  Ceramic Re f rac to r ies  i n  
Synthet ic  Coal Slags Using the  Ro ta t i ng  Cyl inder  Technique: An I n t e r i m  Report", 
ANL/FE-83-31 ( i n  press) .  

6. R. C. S t r e e t e r ,  E. K. D ieh l  and H. H. Schobert, "Measurement and 
Pred ic t i on  of  Low-Rank Coal V iscos i ty" ,  P r e p r i n t s  Am. Chem. SOC. Div. Fuel Chem. 
28 (4 )  174 (1983). 

112 



, 

1 

50 50 50 50 50 50 50 
5 5 5 5 5 5 5  

15 25 25 15 5 15 5 
20 10 0 10 20 0 10 

io io 20 20 20 30 30 

8 9 10 11 12 13 1 4  

40 40 40 40 40 40 40 
15 15 15 15 15 15 15 
10 10 20 20 20 30 30 
15 25 25 15 5 15 5 
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25 25 25 25 25 25 25 
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15 25 25 15 5 15 5 
20 10 0 10 20 0 10 

Tab le  2. A c t i v a t i o n  Energies, Range of Temperatures and Mole F r a c t i o n s  

S lag  # Ea Temperature Mole F r a c t i o n s  

Range Si02 A1203 CaO FeO MgO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

43.9 
44.2 
42.0 
40.1 
60.2 
366 
65.2 
77.6 
13.1 
55.5 
37.6 
103 
36.9 
50.8 
104 
77.6 
29.5 
106 
20.0 
55.1 
116 

1440-1332 
1460-1314 
1456-1350 
1513-1337 
1462-1312 
1550-1 500 
1515-1415 
1353-1192 
1455-1297 
1454-1335 
1439-1310 
1436-1262 
1535-1447 
1484-1401 
1434-1339 
1390-1265 
1451-1 299 
1448-1377 
1459-1352 
1402-1294 
1532-1415 

.483 

.515 

.568 

.529 

.495 

.584 

.543 

.384 

.409 

.451 

.420 

.393 

.464 

.431 

.286 

.272 

.335 

.313 

.293 

.345 

.321 

.057 

.061 

.134 

.125 

.117 

.209 

.192 

.056 

.060 

.133 

.124 

.I16 

.205 

. I90 

.056 

.060 

.132 

.123 

.115 

.203 

.189 

.052 

.055 

.061 

.057 

.053 

.063 

.058 

.154 

.164 

.181 

.169 

.158 

.186 

.173 

.255 
-272 
.299 
.279 
.261 
.308 
.286 

.121 

.215 

.237 

.133 

.041 

.147 

.045 
.120 
.214 
.235 
.132 
.041 
.145 
.045 
. 1 1 Y  
.212 
.234 
.131 
.041 
.144 
.045 

.288 

.154 

.ooo 

.158 

.295 

.ooo 

.162 
.286 
.152 
.ooo 
.156 
.293 
.ooo 
.161 
.284 
.151 
.ooo 
.155 
.291 
.ooo 
.159 , 
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SULFUR SOLUBILITY I N  SLAGS FOR CYCUNE COAL COMBUSTORS 

by 

David H. DeYoung 

Smelting Process Development Divis ion 
Alcoa Labora tor ies  

New Kensington, PA 15068 

I. INTRODUCTION 

T h i s  s tudy w a s  conducted t o  s e l e c t  p o t e n t i a l  s l a g  compositions f o r  use  i n  a slag- 
ging, s taged,  cyclone c o a l  combustor, and t o  o b t a i n  t h e  necessary d a t a  t o  eva lua te  
the  desu l fur iz ing  a b i l i t y  of t h e  combustor. 
would be operated q u i t e  reducing t o  f a c i l i t a t e  s u l f u r  removal by a s l a g  formed from 
the  c o a l  a s h  and inorganic  addi t ives  (e.g., lime). A t a n g e n t i a l  motion imparted t o  
the  g a s  would throw ash ,  c o a l ,  and a d d i t i v e s  t o  t h e  combustor w a l l  where they would 
combine t o  form a molten s lag .  
cont inua l ly  dra in  o u t  of a taphole  a t  t h e  e x i t  end of  t h e  horizontal ly-placed 
c y l i n d r i c a l  combustor. 
s u l f u r ,  low p a r t i c u l a t e  emissions,  and low NO, emissions. 

This paper w i l l  be divided i n t o  t h r e e  par t s .  
s i t i o n s  w i l l  be out l ined .  
w i l l  be discussed.  Third, t h e  desu l fur iz ing  p o t e n t i a l  of  a s lagging,  cyclone 
combustor w i l l  be evaluated usiug these  measurements. 

The f i r s t  s t a g e  of such a combustor 

This s l a g ,  containing some d isso lved  s u l f u r ,  would 

Advantages of  t h i s  type  of  combustor a r e  removal of  some 

F i r s t ,  t h e  s e l e c t i o n  o f  s l a g  compo- 
Second, s u l f i d e  capac i ty  measurements of these  s l a g s  

11. SLAG COMPOSITION SELECTION 

The s t r a t e g y  was f i r s t  t o  s e l e c t  poss ib le  addi t ives ,  then  l o c a t e  phase diagrams f o r  
systems of major a s h  components plus  a d d i t i v e s ,  and f i n a l l y ,  select low-melting 
e u t e c t i c  compositions as candidate  s lags .  
a b i l i t y  t o  form low-.melting s i l i c a t e s  (e.g., t h e  a l k a l i s )  o r  f o r  t h e i r  known 
a b i l i t y  f o r  d e s u l f u r i z a t i o n  (e.g., t h e  a l k a l i n e  earth elements) .  
was used f o r  t e s t s  of a p i l o t  combustor. 
addi t ive  compositions, is given in Table I. Major components, SiO2, AlzO3, 
and Fe2O3, account f o r  approximately 80% of  t h e  ash. 

Ternary phase diagrams f o r  t h e  Si02-Al203-additive and SiOZ-FeO-additive 
systems were inves t iga ted  f o r  poss ib le  s l a g  compositions. Unless otherwise noted,  
a l l  phase diagrams were taken from Levin, et  a1 (1-3) o r  Roth, e t  a 1  (4) .  
s e l e c t e d  compositions which were t e s t e d  are given in Table 11, as a r e  es t imated 
l iqu idus  temperatures. 
of c o a l  a s h  and t h e  addi t ive  w i l l  be d i f f e r e n t  from those  given by t h e  phase 
diagrams because of the  minor components of  t h e  ash. 
provide reasonable i n i t i a l  se lec t ions .  
given in Table 111. 

Addit ives  were chosen f o r  t h e i r  known 

An e a s t e r n  c o a l  
Its a s h  composition, used t o  c a l c u l a t e  

The 

Obviously, t h e  l i q u i d u s  temperature of t h e  s l a g  cons is t ing  

However, t h e  phase diagrams 
Additive compositions and q u a n t i t i e s  are 

111. SULFIDE CAPACITY MEASUREMENTS 

S u l f i d e  c a p a c i t i e s  of the  s e l e c t e d  s l a g  cornpositions were measured t o  r a t e  the  
s l a g s  and t o  provide d a t a  f o r  evaluat ion of t h e  opera t ion  of  a combustor wi th  these 
s lags .  
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Chemistry of Sul fur  in Slags:  
chemistry of s u l f u r  i n  s l a g s  reported in t h e  l i t e r a t u r e .  
understanding and improving t h e  desu l fur iza t ion  of i r o n  and s t e e l .  
(5-7) have shown t h a t  a t  high oxygen p o t e n t i a l s  s u l f u r  d i s s o l v e s  in s l a g s  as a 
s u l f a t e ,  and a t  low oxygen p o t e n t i a l s ,  t h e  condi t ion  re levant  t o  t h e  two-stage 
combustor, s u l f u r  d i s s o l v e s  as a su l f ide .  

There has  been considerable  research on the  
Most was aimed toward 

These s t u d i e s  

This can be represented by the react ion,  

A quant i ty  c a l l e d  t h e  s u l f i d e  capac i ty  ( 6 )  can be def ined as: 

where w t  % S r e f e r s  t o  s u l f u r  d i sso lved  in t h e  s l a g ,  and Po2 and Ps2 a r e  t h e  
p a r t i a l  p ressures  of  oxygen and s u l f u r  in the  atmosphere wi th  which t h e  s l a g  is 
equi l ibra ted .  
independent o f  s u l f u r  and oxygen p o t e n t i a l s  f o r  wide ranges,  and therefore  is a 
u s e f u l  quant i ty  f o r  r a t i n g  s lags .  
f o r  s l a g s  conta in ing  FeO, Cs is expected t o  change wi th  oxygen p o t e n t i a l  a s  t h e  
r a t i o  of f e r r o u s  t o  f e r r i c  ions in t h e  s l a g  changes. 

A review of  t h e  l i t e r a t u r e  ( 5 - 2 2 )  showed t h a t  v i r t u a l l y  a l l  work on s u l f u r  in s l a g s  
was on systems re levant  to t h e  d e s u l f u r i z a t i o n  of i r o n  and s t e e l  and a t  tempera- 
t u r e s  ranging from 1400-1600°C. No da ta  were found f o r  l o r m e l t i n g  s l a g s  ( l iqu idus  
temperatures, approximately 1000-llOO°C), and p a r t i c u l a r l y  f o r  the  i ron-alkal i -  
a luminos i l ica tes  from which many of the  proposed compositions a r e  composed. 
Therefore, experimental  measurements were necessary t o  o b t a i n  t h e  d a t a  needed f o r  
s e l e c t i o n  of s lags .  

Experimental Method: 
c a p a c i t i e s  of the  candida te  s l a g s .  
co-CO~-sO2 gas mixture having f i x e d  oxygen and s u l f u r  p o t e n t i a l s ,  quenched t o  
room temperature, and analyzed f o r  su l fur .  
from the s u l f u r  concent ra t ions  us ing  Equation 2. 
i t  is a d i r e c t  method, and because the  oxygen and s u l f u r  p o t e n t i a l s  could be 
accura te ly  cont ro l led ,  and,  i f  necessary,  these  could be set t o  match the 
a c t i v i t i e s  f o r  oxygen and s u l f u r  which were a n t i c i p a t e d  i n  t h e  a c t u a l  c o a l  
combustor. The appara tus  used f o r  s u l f i d e  capac i ty  measurements is shown 
schematical ly  in Figure 1. 

Slags  were prepared by mixing preweighed amounts of a d d i t i v e s  and c o a l  ash. 
c o a l  ash w a s  obtained from Bituminous Coal Research, Inc. It w a s  prepared by 
ash ing  Loveridge Seam, West V i r g i n i a  c o a l  in air  a t  75OoC, followed by a reduct ion 
in a 6O%C040%C02 g a s  a t  1000°C, then cooled under n i t rogen .  

The gas compositions f o r  each experiment were chosen t o  obta in  as low an oxygen 
p o t e n t i a l  as poss ib le ,  without  reducing FeO t o  Fe metal. They were a l s o  chosen t o  
o b t a i n  as low a s u l f u r  p o t e n t i a l  a s  poss ib le  t o  match a n t i c i p a t e d  condi t ions  in the  
a c t u a l  combustor, y e t  l a r g e  enough so t h a t  they could be prepared by mixing gases .  
The e q u i l i b r a t i o n  time f o r  s l a g  samples was determined by per iodic  ana lyses  o f  the  
g a s  e x i t i n g  the  reac tor .  
Leco t i t r a t o r ,  and were analyzed f o r  Si, Al, Fe, Na, K, Ca, Mg, Ti, and P by atomic 
absorpt ion.  

The s u l f i d e  capac i ty  f o r  many s l a g s  has  been found (5,6)  t o  be 

One except ion re levant  t o  t h i s  s tudy  is t h a t ,  

An e q u i l i b r a t i o n  technique w a s  chosen t o  measure the s u l f i d e  
Slag samples were e q u i l i b r a t e d  wi th  a 

S u l f i d e  c a p a c i t i e s  were then  ca lcu la ted  
This technique w a s  chosen because 

The 

Quenched s l a g  samples were analyzed f o r  s u l f u r  using a 
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- Resul ts :  
Figures 2 and 3 show t e r n a r y  phase diagrams f o r  s e l e c t e d  systems on which t h e  
r e s u l t s  a r e  shown. 
components from t h e  s l a g  ana lyses  and normalizing t o  100%. 
a r e  shown as a func t ion  of b a s i c i t y  i n  Figure 4, which summarizes a l l  r e s u l t s  of 
t h i s  study. Molar b a s i c i t i e s  (Zmole f r a c t i o n  bases/Zmole f r a c t i o n  a c i d s )  were 
ca lcu la ted  from the  s l a g  analyses .  

I t  w a s  found t h a t  a f t e r  e q u i l i b r a t i o n  wi th  t h e  s u l f u r i z i n g  gas ,  c e r t a i n  s l a g s  i n  
t h e  FeC-Al203-Si02 system cons is ted  of two immiscible l i q u i d s  a t  l l O O ° C .  
phase was a glass .  
t o  as  the  "matte phase". 
considered as "apparent" because t h e  s u l f i d e  capac i ty  i s  defined f o r  a s i n g l e  
l i q u i d  phase. 
S, w h i l e  t h e  g l a s s  phase contained from 0.2 t o  13% S. 
showed the  g l a s s  phase t o  be amorphous and t h e  matte phase t o  conta in  FeS and 
FeS2. 

Discussion: Slag compositions 2-A-1, 2-A-7, 2-B-2, 2-C-1, 2 4 - 2 ,  and 2-E-1 were 
c l o s e s t  t o  the  c o a l  a s h  composition g iven  i n  Table I, conta in ing  2 5 3 8 %  addi t ive .  
As seen from Table I V ,  l o g  Cs ranged from approximately -3.8 t o  -5 .5  a t  1100°C. 
Using the  b a s i c i t y  of the  a s h  ca lcu la ted  from Table I and t h e  d a t a  shown i n  Figure 
4, the  s u l f i d e  capac i ty  f o r  pure a s h  i s  est imated t o  be approximately l o g  C s  - -5.2. 
This is q u i t e  low as compared t o  r e s u l t s  obtained f o r  s l a g s  conta in ing  s i g n i f i c a n t  
q u a n t i t i e s  of addi t ives .  As w i l l  be demonstrated l a t e r  i n  t h e  r e p o r t ,  s u l f u r  
captured by c o a l  a s h  s l a g  wi th  this s u l f i d e  capac i ty  would be i n s i g n i f i c a n t  even a t  
very favorable  condi t ions  - very low oxygen p o t e n t i a l  and low temperature. 

There is a genera l  c o r r e l a t i o n  between s u l f i d e  capac i ty  and b a s i c i t y  f o r  a given 
system, a s  shown in Figure 4. There is a sharp drop in s u l f i d e  c a p a c i t y  between 
b a s i c i t i e s  of 1.0 t o  0.5, which corresponds t o  t h e  m e t a s i l i c a t e  t o  d i s i l i c a t e  
compositions i n  a binary s i l i c a t e .  
(FeO, CaO) have s i g n i f i c a n t l y  higher  s u l f i d e  c a p a c i t i e s  than systems 2-D (Na20) 
and 2-E (CaO), so t h a t  f o r  a given b a s i c i t y ,  FeO is s u p e r i o r  t o  CaO and N a f O  as 
a n  addi t ive .  
energ ies  of formation of t h e  s u l f i d e s  and oxides  of  Fe, Ca,  and Na. 

Considering s tandard f r e e  e n e r g i e s  f o r  t h e  formation of meta l  s u l f i d e s  from metal 
oxides, FeO and CaO should be approximately equiva len t  d e s u l f u r i z e r s  and Na20 
should be super ior .  However, s l a g s  are f a r  from i d e a l  s o l u t i o n s  because of t h e  
s t rong i n t e r a c t i o n s  among spec ies  -- p a r t i c u l a r l y  wi th  Si02. 
mental measurements of s u l f i d e  c a p a c i t i e s  were needed. 
(24) f o r  Na20, CaO,  and FeO binary s i l icates  show t h a t  t h e  chemical i n t e r a c t i o n  
with s i l i c a  decreases  i n  the  order  Na20, CaO,  FeO, and f o r  a given b a s i c i t y ,  t h e  
a c t i v i t y  of t h e  b a s i c  oxide i n  t h e  silicates increase  i n  t h e  order  Na20, CaO, and 
FeO. This 
is cons is ten t  wi th  t h e  present  r e s u l t s .  Not s u r p r i s i n g l y ,  t h e  metal oxide-s i l ica  
i n t e r a c t i o n  is a major f a c t o r  i n  t h e  d e s u l f u r i z a t i o n  a b i l i t y  of t h e  s l a g .  

Several  modif icat ions of s l a g s  based o n  the  FeO-Al203-Si02 system were t e s t e d  
t o  determine if a l e s s  expensive a d d i t i v e  could be s u b s t i t u t e d  f o r  some of  t h e  i r o n  
or  i f  a d d i t i v e s  could be used t o  reduce l i q u i d u s  temperatures. Figure 4 shows t h a t  
replacing a por t ion  of  the i r o n  oxide i n  s l a g s  o f  t h e  FeO-Al203-Si02 system with 
CaO ( 5  w t  %) o r  MgO (12 w t  %) had no e f f e c t  on  t h e  s u l f i d e  c a p a c i t i e s .  Resul t s  f o r  
composition 2-C-1 a l s o  support t h i s  conclusion, because f o r  t h i s  composition 
approximately 14% of t h e  FeO of a n  equiva len t  composition i n  t h e  FeO-Al203-Si02 
system was replaced by CaO, wi th  only a s l i g h t  decrease i n  s u l f i d e  capac i ty .  
Replacement of por t ions  of t h e  S i 0 2  i n  FeO-Al203-Si02 s l a g s  by B2O3 or P205 
has no e f f e c t  on s u l f i d e  c a p a c i t i e s ;  t h e r e f o r e ,  t h e s e  a d d i t i v e s  are p o t e n t i a l l y  
usefu l  f o r  reducing s l a g  l i q u i d u s  temperatures. 

Table I V  g ives  the  results f o r  a l l  s u l f i d e  capac i ty  measurements. 

Compositions shown were obtained by tak ing  t h e  t h r e e  major 
The s u l f i d e  c a p a c i t i e s  

One 
The o t h e r  phase had a m e t a l l i c  appearance and w i l l  be r e f e r r e d  

The s u l f i d e  capacities f o r  these  s l a g s  should be 

The matte  phase in a l l  of  these  double-phased s l a g s  contained 27-31% 
X-ray d i f f r a c t i o n  ana lyses  

For a given b a s i c i t y ,  systems 2-A (FeO) and 2-C 

This i s  not  what would be  expected consider ing t h e  s tandard  f r e e  

This  is why experi- 
Free energy of  mixing d a t a  

On t h i s  bas i s ,  PeO should be a b e t t e r  d e s u l f u r i z e r  than CaO or NapO. 
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Figure 5 compares some r e s u l t s  of t h i s  s tudy t o  those  found in the  l i t e r a t u r e  f o r  
similar s l a g s  a t  h igher  temperatures .  
b a s i c i t y  of 1 . 6 5  using d a t a  g iven  in Figure 4. 
c o n s i s t e n t  w i t h  the  l i t e r a t u r e  da ta .  
i n v e r s e  temperature is c o n s i s t e n t  with t h e  t h e o r e t i c a l  r e l a t i o n s h i p ,  

These l i t e r a t u r e  d a t a  were ad jus ted  t o  a 

The l i n e a r i t y  o f  t h e  s u l f i d e  capac i ty  with 
The d a t a  from t h i s  s tudy a r e  q u i t e  

where 

and 

3) M M d In 'S 
m= -AHO/R + H F e O / ~  - H F e S / ~  

AH' is t h e  s tandard en tha lpy  change f o r  t h e  reac t ion ,  

4 )  

a r e  t h e  p a r t i a l  molar e n t h a l p i e s  of mixing of FeO and FeS in the  s lag .  
r e l a t i o n s h i p  can  be der ived  from Equation 2 ,  t h e  equi l ibr ium constant  f o r  Equation 
4 and the  Gibbs-Helmholtz equat ion.  

Most of the  s l a g s  t e s t e d  were found t o  have been p a r t i a l l y  o r  completely melted a t  
l l O O ° C .  
n o t  molten. It is thought t h a t  f o r  these  compositions t h e  e n t i r e  a d d i t i v e  reacted 
with s u l f u r  spec ies  in t h e  atmosphere while  none reac ted  w i t h  t h e  Si02 o r  with 
o t h e r  components in t h e  ash.  Hence, s u l f i d e  c a p a c i t i e s  measured from this experi-  
ment a r e  not  t r u e  s u l f i d e  c a p a c i t i e s  of t h e  s lags .  
t h i s  is tha t  t h e  "measured" s u l f i d e  c a p a c i t i e s  a t  1OOO'C a r e  g r e a t e r  than those a t  
1100°C. while Figure 5 shows t h e  opposi te  t rend  f o r  r e s u l t s  f o r  molten s lags .  
Also, o t h e r  l i t e r a t u r e  d a t a  show t h a t  s u l f i d e  c a p a c i t i e s  genera l ly  increase  with 
temperature. 

This poin ts  o u t  a n  inherent  disadvantage i n  using a c o a l  ash  s l a g  f o r  desu l fur iza-  
t i o n .  When si l ica reacts w i t h  t h e  desu l fur iz ing  agent ,  e.g., lime, the  e f f e c t i v e -  
ness  of  the desu l fur iz ing  compound is g r e a t l y  reduced. 
design a desul fur iz ing  combustor i n  which t h e  a s h  does not  r e a c t  with t h e  
desu l fur iz ing  mater ia l .  

I V .  EVALUATION OF A PILOT COMBUSTOR 

Calculat ions:  
emissions from a s taged ,  s l a g g i n g ,  cyclone combustor opera t ing  c l o s e  t o  e q u i l i -  
brium. 
brium f o r  s u l f u r  (Equation 2) and a mass balance f o r  s u l f u r  a r e  solved simul- 
taneously. F i r s t ,  the  equi l ibr ium gas compositions were ca lcu la ted  f o r  the 
combustion of c o a l  wi th  a i r  f o r  a raage of  s u l f u r  concent ra t ions  in the  coal .  
was done using Alcoa's Chemical Equilibrium Computer Program (23). Next, the  
concentrat ions of s u l f u r  i n  t h e  s l a g s  f o r  equi l ibr ium wi th  t h e  combustion gases  
were ca lcu la ted .  
compositions were c a l c u l a t e d  from s u l f u r  mass balances. 

Resul ts :  Figure 6 shows an example of t h e  r e s u l t s  f o r  these  ca lcu la t ions ,  f o r  
combustion wi th  55% of  s t o i c h i o m e t r i c  a i r  ( s tage  1 )  a t  llOO°C. 
f o r  t h e  su l fur  capture ,  cons ider ing  pro jec t ions  of f u t u r e  EPA regula t ions ,  i s  70%. 
The s l a g  mass can vary between 8 5  and 350 g/kg c o a l  ( t h e  upper l i m i t  w a s  

This  

However, a t  1000°C, a l l  s l a g s  from t h e  FeC-Al203-Si02 system were 

Another po in t  which supports  

Hence, it is d e s i r a b l e  t o  

The measured s u l f i d e  c a p a c i t i e s  were used t o  estimate s u l f u r  

TO c a l c u l a t e  s u l f u r  emissions, a n  equat ion f o r  gas-slag chemical e q u i l i -  

This 

Fina l ly ,  t h e  q u a n t i t y  of  a d d i t i v e s  needed t o  obta in  these  

A reasonable goa l  
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es tab l i shed  from a h e a t  balance f o r  Alcoa's p i l o t  combustor), so the  necessary log 
Cs f o r  a 70% s u l f u r  removal is between -2.75 and -3.3. 
Cs 
system, e.g., compositions 2-A-3 o r  2-A-10. 

As  t h e  combustion s toichiometry is decreased, t h e  curves  in Figures 6 a r e  r o t a t e d  
counterclockwise about the  or ig in ,  i . e . ,  t h e  s u l f u r  removal i s  increased.  An 
increase  in temperature w i l l  have t h e  opposi te  e f f e c t .  
clockwise about the  or ig in .  However, f o r  a p a r t i c u l a r  s l a g  composition the  s u l f i d e  
capac i ty  increases  wi th  temperature, as shown in Figure 5. The n e t  r e s u l t  of t h e  
two opposing e f f e c t s  (using t h e  temperature behavior shown in Figure 5) is t h a t  t h e  
s u l f u r  removal decreases  wi th  increas ing  temperature. 
conten ts  inves t iga ted ,  2-6%, t h e  f r a c t i o n  of s u l f u r  removed by s l a g  does not  change 
w i t h  s u l f u r  content  i n  the  coal .  The t o t a l  s u l f u r  emit ted increases  wi th  
increasing s u l f u r  concentrat ion in t h e  coa l ,  bu t  t h e  s u l f u r  removal by the  s l a g  
a l s o  increases .  

A f i n a l  point  t o  note  regarding s u l f u r  removal i s  t h a t  as the  concent ra t ion  of 
hydrogen in the  combustion gases  is decreased, t h e  s u l f u r  removal by t h e  s l a g  w i l l  
increase.  This is due t o  t h e  high s t a b i l i t y  of  the hydrogen-sulfur spec ies ,  such , 

as H2S(g), a s  compared t o  t h e  carbon-sulfur spec ies ,  such a s  COS. 
and charr ing of c o a l  would s i g n i f i c a n t l y  increase  t h e  t h e o r e t i c a l  removal of s u l f u r  
by t h e  s lag .  

These c a l c u l a t i o n s  assume gas-slag equi l ibr ium wi th  respec t  t o  s u l f u r .  
probably only approached a t  t h e  gas-slag s u r f a c e  n e a r  t h e  e x i t  of t h e  f i r s t  s tage .  
A t  the  entrance end of the  combustor, the  condi t ions  would probably be more 
oxidizing than condi t ions  ca lcu la ted  from t h e  o v e r a l l  combustion s toichiometry,  0 ,  
and thus  s u l f u r  s o l u b i l i t y  in t h e  s l a g  would be l e s s  than  t h a t  ca lcu la ted .  A t  some 
depth below the  s l a g  sur face  near  t h i s  en t rance  end of t h e  f i r s t  s tage ,  t h e  
condi t ions  would be more reducing than those  c a l c u l a t e d  from t h e  o v e r a l l  combustion 
s toichiometry.  This would r e s u l t  in increased s u l f u r  s o l u b i l i t y .  The a c t u a l  
combustion process  and s u l f u r  removal processes  a r e  q u i t e  complex, and t h e  e x t e n t  
of s u l f u r  removal w i l l  depend on t h e  combustion k i n e t i c s .  
two extreme s i t u a t i o n s .  
s lagged w a l l ,  s u l f u r  removal should be r e l a t i v e l y  good. 
where a l l  t h e  c o a l  i s  combusted before i t  reaches t h e  s lagged w a l l ,  s u l f u r  removal 
would be r e l a t i v e l y  poor because i t  would be dependent on mass t r a n s p o r t  through 
the  gas  phase, and t h e  gas  has  a r e l a t i v e l y  shor t  res idence  time. 

In summary, the k i n e t i c s  of  . the combustion process  is important  wi th  regard t o  
s u l f u r  removal. The k i n e t i c s  must be considered e i t h e r  by modelling o r  experi- 
mentation before  a f i n a l  judgment on d e s u l f u r i z a t i o n  i n  a s lagging.  cyclone 
combustor can  be made. The r e s u l t s  of t h i s  s tudy show t h a t  i t  i s  t h e o r e t i c a l l y  
possible .  

A s u l f i d e  capac i ty  of l o g  
-3.3 a t  llOO°C was obtained f o r  c e r t a i n  s l a g s  based on the  FeO-Al203-Si02 

The curves a r e  r o t a t e d  

In t h e  range of coa l -su l fur  

Thus, drying 

This  is 

For example, consider  
In one, where most c o a l  is combusted a f t e r  i t  hits t h e  

In t h e  o t h e r  extreme, 

v. coNcLusIoNs 

Sul f ide  capac i ty  measurements of r e l a t i v e l y  low melt ing (approximately llOO°C i n  
most cases)  s l a g s  based on t h e  FeO-Al203-Si02, FeO-Na20-Si02, FeO-CaO-Si02, 
Na2O-Al203-Si02, and CaC-Al203-Si02 systems but.composed of  c o a l  a s h  + addi t ives ,  
have shown t h a t  the  FeO-Al203-Si02-based s l a g s  had t h e  h ighes t  s u l f i d e  capac i t ies .  
For a given b a s i c i t y ,  the  s u l f i d e  c a p a c i t i e s  could be ranked in the  fol lowing order: 
FeO-Al203-Si02 > FeO-CaO-Si02 > FeO-Na20-Si02 > CaO-Al203-Si02 , Na20-Al203-SiO2. 
The chemical i n t e r a c t i o n  of  the  bas ic  oxides  w i t h  si l ica appears  t o  be a dominant 
f a c t o r  cont ro l l ing  t h e  s u l f i d e  capaci ty .  
capac i ty  and s l a g  b a s i c i t y ,  and s u l f i d e  c a p a c i t i e s  increased  w i t h  temperature. 

There was good c o r r e l a t i o n  between s u l f i d e  



Calculat ions of  the  equi l ibr ium s u l f u r  removal f o r  a commercial combustor using t h e  
measured s u l f i d e  c a p a c i t i e s ,  showed t h a t  it was t h e o r e t i c a l l y  poss ib le  t o  remove 
704; or more o f  t h e  s u l f u r  i n  coal .  The s u l f u r  removal increases  with decreasing 
temperature, decreasing combustion s toichiometry i n  t h e  f i r s t  s t a g e  of t h e  burner, 
increasing s l a g  flow, and decreasing content  of hydrogen i n  t h e  fue l .  This work 
showed tha t  a s lagging,  cyclone combustor can  remove s u l f u r  i n t o  t h e  s l a g ,  but  
k i n e t i c  modelling and/or experimentat ion is needed t o  prove whether o r  no t  t h e  
concept w i l l  work. 
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TABLE I. ASH FROM MVERIDGE SEAM (WEST VIRGINIA) COAL 

Ash Analysis  
Normalized (excluding s u l f u r  and 

Component u t  Pet. t ak ing  i r o n  as  FeO) 

*2O3 
s i02  
Fe203 
C a O  
MgO 
Na20 
K20 
Ti02 
so3 
p2°5 

Slag No. 

2-A-1 
2-A-2 
2-A-3 
2-A-7 
2-A-8 
2-A-9 
2-A-10 

2-B-1 
2-B-2 
2-B-3 
DSE-1 
DSE-2 

2-c-1 

2-D-1 
2 4 - 2  
2-D-3 

2-E-1 

2-1-1 

18.4 
44.5 
15.9 

4.56 
1.08 
1.10 
1.11 
1.20 
9.02 
0.33 

24.1 

17.4 (FeO) 
47.8 

4.9 
1.2 
1.5 
1.3 
1.1 

0.5 
-- 

TABLE 11. NORMALIZED COMPOSITIONS OF CANDIDATE SLAGS - 
MAJOR COMPONENTS ONLY 

Composition, W t .  P c t .  

CaO Si02 A1203 FeO Na20 - -  - -  

46.0 19.9 
40.0 12.0 
18.1 5.9 
43.3 19.8 
35.3 14.1 
27.0 8.3 
23.6 5.9 

39.3 
56.4 
33.2 
42.5 
37.0 

37.7 

43.8 18.2 
62.7 23.2 
61.6 12.2 

42.1 20.1 

55.3 21.5 

- 
34.1 
48.0 
76.0 
36.9 
50.6 
64.4 
70.4 

48.0 
21.8 
26.2 
28.9 
26.0 

46.4 

10.0 

12.7 
21.8 
40.6 
28.6 
37.0 

15.7 

37.9 
14.0 
26.2 

37.8 

13.1 

Liquidus Temperature ("C) 
(Major Components Only) 

1205 
1083 
1148 
1220 
1200 
1150 
1155 

1000 
7 

1050 
900 

1093 

915 
1063 

7 32 

1265 

990 
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Slag No.  

2-A-1 
2-A-2 
2-A-3 
2-A-4 
2-A-5 
2-A-6 
2-A-7 
2-A4 
2-A-9 
2-A-10 
2-A-lob 
2-A-11 
2-A-12 

2-B-1 
2-B-2 
2-B-3 

DSE-1 
DSE-2 

2-c-1 

2-D-1 
2 4 - 2  
2-D-3 

2-E-1 

2-14 

TABLE 111. ADDITIVE COMPOSITIONS FOR CANDIDATE SLAGS 

Addit ive Corn os f t ion ,  W t .  Pct .  
Additive Mass Si02 A1203 Fe203 !a,CO, 

d g  Ash - - - L 3  CaO Other - 
0.34 
1.20 
3.52 
3.74 
3.52 
3.52 
0.36 
0.89 
2.19 
3.47 
4.07 
3.49 
4.99 

0.69 
0.30 
1.20 

0.69 
0.97 

0.61 

0.93 
0.40 
1.60 

0.43 

0.99 

22.9 77.1 
27.0 73.0 

7.4 92.6 
7.0 87.2 
1.6 92.6 
1.6 92.6 

13.9 86.1 
13.9 86.1 
13.9 86 .1  
13.9 86.1 
11.8 73.5 

7.5 86.7 
13.9 86.1 

65.7 
3.9 

18.9 

24.2 
18.5 

75.5 

10.9 
43.8 
46.3 

6.3 

49.1 13.5 

124 

34.2 
96.1 
81.1 

75.8 
81.5 

89.1 
56.2 
53.7 

37.4 

5.8 X CaP2 
5.8 % E203 
5.8 X P2O5 

14.7 % MgO 
2.5 3.4 % CaF2 

24.5 

93.7 



SULFIDE CAPACITY MEASUREMENl5 

i 

I 

0 

TABLE I V .  

Egp't. Run 
No. T ("C) Time (h) --- 

2' 1100 24 

4* * 1100 115 

5* * 1100 144.6 

7*** 1000 168.75 

11**** 1300 70.0 

Slag 
Composition 

DSE-1 

2-B-1 
2-B-2 
2-D-1 
2-D-2 
2-D-3 

DSE-1 
2-A-1 
2-A-2 
2-A-3 
2-A-4 
2-c-1 

2-A-5 
2-A-6 
2-A-7 
2-A-8 
2-A-9 
2-A-10 
2-A-11 
2-B-3 

2-A-3 
2-A-4 
2-A-5 
2-A-6 
2-A-10 
2-A-11 
2-A-12 
2-A-3a 
2-1-1 

2-A-3 
2-A-10 
2-A-lob 

W t  % s 

4.22 
5.34 

6.05 
0.26 
0.96 
0.87 
0.69 

4.31 
4.80 

22.5 
23.5 

7.91 

20.2 
13.4 

5.06 
9.81 

16.6 
19.1 

2.65 

25.4 
25.1 
25.5 
24.1 
23.6 
24.2 
25.8 
26.3 

0.44 

2.67 
1.97 
3.10 

Log cs 

-4.31 
-4.21 

-4.16 
-5.52 
-4.96 
-5.00 
-5.10 

-4.06 
-4.01 

-3.34 
-3.32 
-3.79 

-3.38 
-3.56 
-3.99 
-3.70 
-3.47 
-3.41 

-4.27 

-5.04 

-2.86 
-3.00 
-2.80 

* Gas Composition - 70%C0-29.5% cO2-0.5%so2 

xO2 - 7.2 10-14, xS2 = 5.4 10-4 

** Gas Cornposition - 70.2%C0-29.6%C0~-0.25%S0~ 

X o 2  
*** Gas Composition - 74.5%CC-25.3%CO2-0.18%SO2 

6.8 x loei4, XS - 1.6 x l o 4  
2 

Xo2 - 6.8 x xS2 - 1.6 10-4 

**** Gas Composition - 66.3XCO-33.6XC02-0.14XSO2 

- 4.9 x 10-11, xs2 = 1.9 x 10-4 
x02 

1 2 5  

Comments 

Did n o t  m e l t  

Sample c r e p t  o u t  
2 phases 
2 phases 

2 phases 
2 phases 

2 phases 
2 phases 
Sample c r e p t  ou t  

Did n o t  m e l t  .* It .* 
n I. .. 
I " "  

I .. .. 
" I. " 
I. " .* 
I. I. " 
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Furnace 
Radiation Shields 

Stainless Steel 
Flange Alumina lube 

Alumina Reactlon 

Sample Tray 

FIGURE 1. REACTOR USED FOR S U L F I D E  CAPACITY MEASUREMENTS. 

a-A-a 2 - A - 8  

0 charged compomltlon ( - a m )  ( -3 .70)  

an8lyted aftor mxpmrlmmnt 
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PHASE DIAGRAMS TAKEN FROM REFERENCE (1). 
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The Thermodynamic Properties of Molten Slags 

Milton Blander. and Arthur D. Peltont 

INTRODUCTION 
Silica based slag systems are highly ordered liquids which have been a difficult class of 

materials on which to perform thermodynamic a n a l y ~ e s . l - ~  To our knowledge, no satisfactory, 
self-consistent prior method of analysis has been developed for systems as ordered and complex 
as silicates which incorporates all known data in a meaningful way. In this paper, we discuss 
the results of a method of analysis which permits one to simultaneously analyze a large amount 
of different types of data on binary systems. The calculations lead to  a small set of parameters 
which permit one to calculate the thermodynamic properties of slag solutions as a function of 
temperature and composition. The thermodynamic self-consistency and the forni of the equa- 
tions used provide some confidence in the use of the results for interpolations and extrapolations 
outside the range of data. In addition, for systems in which silica is the only acid constituent, we 
propose a theoretically justified combining rule to calculate the properties of ternary systems 
based solely on data for the three subsidiary binaries. The results are in good agreement with 
available data. 

The ionic nature of molten silicates suggests that  many of the theories and correlations 
developed for molten salts6 can be applied to  the development of correlations between the 
relative magnitudes of the deviations from ideal solution behavior in terms of ionic radii, charges, 
polarizabilities, dispersion interactions and ligand field effects. 

CALCULATIONAL METHOD7 
The molar free energy of mixing, AGm of a silicate is represented by the expression 

AGm = RTXilnXi + RTXilnr i  = AC$“ + AGE 
I I 

where Xi is the mole fraction of component i, ri, the activity coefficient, represents deviations 
from ideal solution behavior of component i, AG$’ is the molar free energy of mixing of a 
hypothetical ideal solution and AGE is the molar excess free energy of mixing which represents 
the deviations from ideality of the molar free energy of solution. The conventional representation 
of ln r i  and AGE is a power series in mole fractions. The complexity of ordered solutions would 
require a very long power series in order to obtain a reasonable representation of their properties. 
This arises from the tendency of such solutions to have a “v” shaped dependence of the enthalpy 
of mixing and an “m” shaped dependence of the entropy of mixing on concentration.l The fitting 
of data using a long polynomial will generally be poor and ambiguous in such systems. In order 
to obtain reasonable fits, one must use equations which inherently have the concentration and 
temperature dependence of ordered solutions built in. 

We have deduced a set of equations with such properties based on empirical modifications 
of the quasi-chemical theory. An energy parameter in the theory, W, is represented by a power 
series 
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w = c cjy’ 
j=O 

where y is an equivalent fraction of one of the components (silica is always chosen if present). 
For binary systems, the parameters C j  are deduced from a complex optimization procedure 
which performs a global and simultaneous analysis of all thermodynamic data on a system. This 
includes liquidus phase diagrams, activity data, data  on miscibility gaps, enthalpies of fusion, 
free energies of formation of compounds, etc. The small set of resultant parameters (seven at  
most including temperature coefficients of some) are then used to  recalculate the input data 
to  double check the accuracy of the curve Etting procedure and the efficacy of the use of the 
equations for representing the data. The results were generally very good. 

For multicomponent systems, we developed an asymmetric combining rule such that e.g. for 
a system 1-2-3 where 1 is silica, W12 and W13 which represent energies related to interactions 
of silica with the other two components, are a function only of y1, and W s  is related to the 
ratio y3/(y2 + y3). A partial theoretical justification for such a method can be based on theories 
for ternary systems.’ 

RESULTS OF THERMODYNAMIC ANALYSES 
We have performed analyses of ten of the fifteen binary systems and six of the twenty 

ternary systems containing the components MgO, FeO, CaO, NazO, Al2O3, and Si02.79g 

Table I 
Systems Which Have Been Analyzed 

Binary Systems Ternary Systems 
CaO-Si02 Ca0-Al0l.s CaO-Al01.5-Si02 
FeO-Si02 NaOo.5-A101.s Na00.5-CaO-Si02 

MgO-Si02 MgO-FeO NaOo.~-Al01,5-Si02 
NaOo.5-SiO2 MgO-CaO CaO-FeO-Si02 
A100,5-SiO2 CaO-FeO CaO-MgO-Si02 

Ma0-FeO-SiO? 

We illustrate our calculations for one ternary system below. The  analysis of the three binary 
subsystems and the ternary system CaO-FeO-Si02 was performed using as input the liquidus 
phase diagram,” activities of CaO,” and SiOA2, the free energies of formation of CaSiO3 and 
Ca2Si04,l3 and the miscibility gapI4 in the CaO-Si02 system, measured activities of FeO in the 
CaO-FeO system,15 and the activities of Fe0,16*17918 the phase diagramIg and the free energy of 
formation of Fe2Si0i3 in the  FeO-Si02 system. To illustrate some of the results, we exhibit (1) 
the  calculated phase diagram of the FeO-Si02 system in Fig. 1 along with measured values of 
the invariant points and (2) a comparison of activities of “FeO” measured in the iron saturated 
molten FeO-Si02 system with calculated values in Fig. 2. 

Using our “asymmetric” combining rules, the data  for the binary systems were combined and 
led to the results for ternary systems given in Fig. 3; this Egure illustrates the correspondence 
between calculated and measured values2’ of the activities of FeO in the Ca0-Fe0-Si02 system. 
The  differences are well within the uncertainties in the measurements. We End that this method 
essentially permits us to make predictions in ternary systems based solely on data for the three 
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subsidiary binary systems for cases in which silica is the only acid component. When alumina 
and silica are both present, a more complex representation is necessary. 

The good correspondence of calculations with the complex concentration dependence of 
activities in t.!ie CaO-E’eO-SiOz system illustrates the fact that our equations properly take 
into account the kinds of ternary interaction terms known to exist in such systems.8z21 This 
feature lends confidence in the use of our equations for predictions in multicomponent systems 
(containing only silica as an acid component) based solely upon the subsidiary binaries. If, as it 
appears, this is generally true, our method provides an important predictive capability. 

CORRELATIONS OF PROPERTIES 
Theories and concepts which have been develo ed for molten salt solutions can be used to 

correlate the thermodynamic properties of silicates! Coulomb interactions lead to a depcndence 
of thermodynamic functions on the inverse of the cation-anion interatomic distance. Thus, by 
analogy with molten salts, one would expect a linear dependence of the magnitudes of free 
energies of mixing on this parameter which is in a direction such that negative deviations from 
ideality increase in the order Li+, Na+, K+, Rb+, Cs+, and Mg++, Ca++,  Sr++, and Ba++. 
In addition, monovalent alkali oxides should exhibit more negative deviations from ideality 
than divalent alkaline earth oxides. The polarizability of oxide anions leads to an additional 
contribution with a similar dependence on cations. The magnitude of cation-cation dispersion 
interactions are related to the polarizabilities, ionization potentials and interaction distances. 
Thus, the disolution of oxides of cations with large dispersion interactions leads to a loss of this 
negative energy and hence to a positive contribution to  deviations from ideality. In addition 
ligand field effects for divalent transition metals tend to contribute to  negative deviations from 
ideal solution behavior in molten salts with monovalent cations. The effective charge of Si is 
greater than two and one would thus expect a positive contribution to deviations from ideal 
solution behavior from this source. The effect for Mn2+ which has a half filled shell for example, 
should be much less positive than for Fe2+. 

The data for testing these influences on solution behavior are too sparse to reach quan- 
titative conclusions. However, the general trends are in the right direction. Measured deviations 
from ideality of silicates with divalent oxides become more negative (or less positive) in the order 
Fe+2, Mn2+, Pb2+, Mg2+, Ca2+.1,7,9,22 In this view, ligand field effects lead to  Fez+ preceding 
Mn2+ and Mn2+ preceding even Mg2+ which has a smaller radius; dispersion interactions lead to 
Pb2+ preceding even Mg2+ even though its radius is larger than Ca2+ and Sr”; finally, coulomb 
and polarization interactions lead to Mg2+ preceding Ca2+. With careful measurements of a 
larger number of binary silicate systems, it should be possible to develop useful correlations and 
a means of making reasonable predictions of the magnitudes of thermodynamic properties of 
silicates. 

CONCLUSIONS 
There are several significant conclusions which can be reached. 

1. We have performed analyses of thermodynamic data  on binary silicate systems which lead 
to a unique and accurate mathematical representation of their known properties. 

2. Our use of equations which have the properties of ordered liquids built in appears to 
have the innate capability for representing a mass of different types of data  on binary 
systems measured in various ranges of temperature and composition. This result lends 
confidence in the use of our analyses for interpolations and extrapolations outside the 
range of measurements. 
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3. We can theoretically justify an “asymmetric” combining rule which, for cases in which 
silica is the only acid component, leads to  a priori predictions for ternary systems based 
on data for the three subsidiary binaries. I t  appears likely that  such predictions would be 
valic! for  multicomponent systems. 

4. A preliminary examination of themodynamic data  on silicates indicates tha t  correlations 
developed for molten salts may be useful in understanding and ultimately in predicting 
magnitudes of the thermodynamic solution properties of silicates. 

FIGURE CAPTIONS 

1. Calculated phase diagram of the FeO-Si02 system. Numbers in parentheses are measured 
values from Muan and OsbornelO and Robie, et 

2. Activities of “FeO” measured in iron saturated molten FeO-Si02 a t  1325OC (A)”, 1785OC 
(O)I6, 188OOC and 196OoC (0)l6. The two solid lines represent calculated points 
a t  1325OC and 188OOC. The filled circles along one solid line represent individual calcu- 
lated points and the three filled circles labeled 1960, 1880, and 1785 represent calculated 
points a t  three temperatures and fixed composition which illustrate the calculated tem- 
perature dependence. 

3. Activities of FeO in iron saturated CaO-FeO-SiOz a t  155OOC. Dashed lines are from 
Timucin and MorrisPo and the solid lines represent our calculations. 
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ESTIMATION OF PHYSICO-CHEMICAL PROPERTIES OF COAL SLAGS AND ASHES 

K C MILLS 
Nat iona l  P h y s i c a l  Laboratory,  Teddington, Middx, Twl l  OLW, UK. 

1 .  INTRODUCTION.  

S l a g s  formed dur ing  t h e  g a s i f i c a t i o n  of c o a l  u s u a l l y  c o n t a i n  Si02, A 1  0 i r o n  
o x i d e s ,  CaO, Na20 and K20 with  minor amounts o f  v a r i o u s  o t h e r  o!xiaLs. A 
knowledge of t h e  physico-chemical p r o p e r t i e s  of t h e s e  s l a g s  can improve t h e  
c o n t r o l  of t h e  process  eg. t h e  amount of f l u x  r e q u i r e d  t o  b r i n g  t h e  s l a g  
v i s c o s i t y  t o  a l e v e l  s u i t a b l e  f o r  t a p p i n g  can be c a l c u l a t e d  from 
viscos i ty-composi t ion  r e l a t i o n s .  P h y s i c a l  p r o p e r t y  d a t a  f o r  t h e  c o a l  slags can 
also improve process  des ign  by t h e  development o f  reliable mathematical  models 
of t h e  process  e g .  thermal  p r o p e r t i e s  o f  t h e  slags are needed f o r  h e a t  balance 
c a l c u l a t i o n s .  There is an  a p p r e c i a b l e  v a r i a t i o n  i n  t h e  compositions of s l a g s  
formed from v a r i o u s  c o a l s  and even from d i f f e r e n t  ba tches  of t h e  same s t o c k  on 
occas ions  and t h e s e  composi t iona l  v a r i a t i o n s  can g i v e  rise t o  cons iderable  
d i f f e r e n c e s  i n  t h e  p h y s i c a l  p r o p e r t i e s .  As t h e  chemical a n a l y s i s  is  f r e q u e n t l y  
a v a i l a b l e  on a r o u t i n e  b a s i s  it would be p a r t i c u l a r l y  d e s i r a b l e  t o  have r e l i a b l e  
models f o r  t h e  p r e d i c t i o n  of physico-chemical p r o p e r t i e s  from t h e i r  chemical 
composition. Furthermore such  models would have t h e  f u r t h e r  advantage t h a t  they 
would e l i m i n a t e  t h e  need for arduous i n t e r p o l a t i o n s  on pseudo-ternary p l o t s  f o r  
s l a g s  which a r e  r e a l l y  multicomponent and i n t e r a c t i v e  systems. 

The p r o p e r t i e s  of s l a g s  a r e  dependent n o t  only upon chemical composition, bu t  
upon o t h e r  f a c t o r s  also. The most pronounced d e v i a t i o n s  from a d d i v i t y  r u l e s  
based on composition a r i s e  i n  t h e  e s t i m a t i o n  of those  p r o p e r t i e s  which involve 
i o n i c  t r a n s p o r t  such a s  e l e c t r i c a l  c o n d u c t i v i t y .  However s u r f a c e  t e n s i o n  va lues  
e s t i m a t e d  from a d d i t i v i t y  r u l e s  are f r e q u e n t l y  i n  error as  bulk thermodynamic 
p r o p e r t i e s  do n o t  a p p l y  at  s u r f a c e s .  Furthermore,  v i r t u a l l y  a l l  t h e  p h y s i c a l  
p r o p e r t i e s  of s l a g s  a r e ,  t o  some e x t e n t ,  dependent upon t h e  s t r u c t u r e  of t h e  
s l a g  ( v i z .  t h e  l e n g t h  o f  s i l i c a t e  cha ins ,degree  of c r y s t a l l i n i t y  e t c . )  thus  
e s t i m a t i o n  procedures  have t o  accommodate t h e s e  s t r u c t u r a l  f a c t o r s ,  where 
p o s s i b l e .  

There i s  only a l i m i t e d  amount of p h y s i c a l  p r o p e r t y  d a t a  a v a i l a b l e  for  c o a l  
s l a g s  and consequently i t  h a s  been necessary  t o  examine a much broader range of 
s i l i c a t e s  i n c l u d i n g  magmatic l i q u i d s  and those  s l a g s  encountered i n  steelmaking, 
glassmaking and non-ferrous processes .  Thus t h e  models c i t e d  h e r e  should have a 
much wider range of a p p l i c a t i o n  t h a n  c o a l  g a s i f i c a t i o n .  

A c r i t i c a l  e v a l u a t i d n  of  t h e  e x t a n t  p h y s i c a l  p r o p e r t y  d a t a  h a s  shown t h a t  
v i r t u a l l y  every p h y s i c a l  p r o p e r t y  is markedly dependent upon t h e  d i s t r i b u t i o n  of 
i r o n  i n  t h e  slag between FeO, Fe 0 and f r e e  i r o n .  Frequent ly  these  
d i s t r i b u t i o n s  are n o t  r e p o r t e d  and they2c& n o t  be e a s i l y  p r e d i c t e d  as they 
very dependent( 1) upon ( i )  t h e  p a r t i a l  p r e s s u r e  of oxygen, 
( i i  ) tempera T and ( i i i )  t h e  n a t u r e  of t h e  o t h e r  ox ides  p r e s e n t ,  eg ba0, 
Na20 and K20 tYR2)(3) i n c r e a s e  t h e  amount of  Fe 0 and S i 0 2  i n c r e a s e s  t h e  amount 
of FeO present .  Even when t h e  i r o n  d i s t r i b u t i o n s  2 3  are c i t e d  they  are vulnerable  
t o  error owing t o  d i f f i c u l t i  s i n  chemical a n a l y s i s  and t h e  p o s s i b i l i t y  of  some 
r e d i s t r i b u t i o n  of t h e  Fe/Fe '+/Fe3+ r a t i o s  d u r i n g  t h e  quench. Never the less  it is  
s t r o n g l y  recommended t h a t  a l l  f u t u r e  p h y s i c a l  p r o p e r t y  de te rmina t ions  on c o a l  
s l a g s  should b e  accompanied by chemical a n a l y s i s  for F e ( f r e e ) ,  FeO and Fe20 on 
t h e  quenched specimen as  t h e  s u r f a c e  t e n s i o n ,  a b s o r p t i o n  c o e f f i c i e n t ,  mel l ing  
range  e t c .  f l u c t u a t e  d r a m a t i c a l l y  wi th  t h e  i r o n  d i s t r i b u t i o n .  

?';e 
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2. MODELS FOR ESTIMATING PHYSICO-CHEMICAL PROPERTIES. 

i 2.1 Melting Range 

Empirical  r u l e s  have been f ~ r m u l a t e d ( ~ - ~ )  f o r  t h e  e s t i m a t i o n  of  m e l t i n g  range  on 
t h e  b a s i s  o f  t h e  b a s i c i t y  o f  t h e  slag o r  a s h .  However t h e  v a r i o u s  c o n s t a n t s  used 
i n  t h e  c a l c u l a t i o n s  a r e  a p p l i c a b l e  t o  very  narrow composi t iona l  ranges  and t h u s  
a l a r g e  number of c o n s t a n t s  are r e q u i r e d  t o  r e p r e s e n t  t h e  slags formed from 
d i f f e r e n t  c o a l s .  

A more u n i v e r s a l  approach h a s  been adopted  r e c e n t l y  by Gaye (7,8) who expressed ,  
t h e  dependency of  l i q u i d u s  tempera ture ,  T upon chemical composition as 
Polynomial for each of t h e  phases ( o r  c o m p o d g j  formed by t h e  s l a g .  The maximum 
c a l c u l a t e d  va lue  of T va lue  f o r  t h e  various phases is t h e  Tli value.  Good 

l i q  agreement was obtaineJiBetween t h e  c a l c u l a t e d  and exper imenta l  vayues f o r  T 
f o r  t h e  S i 0  + MgO + CaO systems. 
However dev&opmen$ %f t h i s  model t o  cover  t h e  multicou&onent c o a l  slags could 
prove d i f f i c u l t .  

A second model due t o  Gaye") would appear  t o  o f f e r  more promise; it is  based on 
t h e  Kapoor-Frohberg model for  t h e  e s t i m a t i o n  of a c t i v i t i e s  and assumes t h a t  both 
a c i d i c  and b a s i c  oxides  are made up of symmetrical  c e l l s  and t h a t  t h e s e  i n t e r a c t  
t o  form assymmetrical  c e l l s .  The a c t i v i t i e s  o f  t h e  v a r i o u s  oxides  c a l c u l a t e d  f o r  
qua ternary  s l a g s  with t h i s  model are i n  e x c e l l e n t  agreement wi th  those 
determined exper imenta l ly .  Values of  T f o r  a g iven  composition can be der ived  
by determining t h e  temperature a t  whi$%he s o l i d  phase formed h a s  an a c t i v i t y  
of one. The model h a s  been developed for  systems based on seven components, 

and MnO. The model w i l l  have t o  be en larged  t o  
:::fide $a:; etc . before  it can %e used f o r  t h e  r e l i a b l e  e s t i m a t i o n  of T of 
coal s l a g s  but  it would seem to  have c o n s i d e r a b l e  promise and h a s  t h e  dleicyded 
advantage t h a t  i t  a l s o  produces a c t i v i t y  d a t a  for t h e  v a r i o u s  component ox ides .  

+ A 1  0 + MgO + FeO and t h e  S i02  + A 1 2 0  

A 1  0 C a O ,  MgO, FeO, FeZO 

2.2 v i s c o s i t y  ( r ) )  
V 

S e v e r a l  models have been r e p o r t e d  for  t h e  e s t i m a t i o n  of  y&y??fties (2) of 
S i l i C  ts t o  c v e composi t iona l  ranges  o f  steelmaking 

and c o a l  s l a g s  and a s h e s  ( '-me.s The temperature (T) 
dependence of t h e  v i s c o s i t y  is expressed  i n  t h e  form o f  t h e  Arrhenius 
r e l a t i o n s h i p  (equat ion 1 ) )  o r  t h e  Frenkel r e l a t i o n s h i p  (equat ion  2 )  which is  
sometimes known a s  t h e  Weymann e q u a t i o n )  where A and B a r e  c o n s t a n t s ,  E is t h e  
a c t i v a t i o n  energy and R is t h e  Gas Constant.  

*2,= A exp. (E/RT) 1 )  

% =  AT exp.(E/RT) 2) 

Estimated v i s c o s i t i e s  have been c a l c u l a t e d  u s i n g  t h e s e  v a r i o u s  models and t h e  
closest agreV3t  with experimenta ,l,,y%j?s was obta ined  wi th  t h e  models due t o  
Riboud e and Urbain 2 . These estimation procedures  u s e  t h e  
Frenkel r e l a t i o n s h i p  and t h u s  t h e i r  s u p e r i o r i t y  may be l a r g e l y  due t o  t h e  use of 
equat ion  2) .  The model due t o  Schober t  which i n v o l v e s  pe t rographic  
c l a s s i f i c a t i o n  of t h e  c o a l  s l a g  h a s  n o t  been checked and t h i s  procedure may 
provide r e l i a b l e  estimates of v i s c o s i t y  for  coal s l a g s  but  could  n o t  be appl ied  
t o  s l a g s  cover ing  a wide range  of composition. Thus e f f o r t  i n  t h e  p r e s e n t  s tudy  
was focussed predominantly on t h e  Riboud and  UrbSin models. 
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(13)  Model due t o  Riboud e t  a1 

The s l a g  c o n s t i t u e n t s  are c l a s s i f i e d  i n  f i v e  d i f f e r e n t  c a t e g o r i e s  i n  t h i s  model. 
The mole f r a c t i o n s  ( x )  f o r  those  c a t e g o r i e s  being given by 
(i) x("Si0  I)) = x ( S i 0  + x(P02 + x(Ti02)  + x(Zr02)  
(ii) 
( i i i )  x(A1 0 ) 
( i v )  x(Ca$ 3 and 
(v)  

The parameters  A and B of  equat ion  2 )  are c a l c u l a t e d  from t h e  mole f r a c t i o n  o f  
the  f i v e  c a t e g o r i e s  by u s i n g  equat ions  3 )  and 4) .  

x(llCa02) = x(CaO)'+ x(Mg0) 4 x(Fe0)  + x(FeOlm5) 

x("Na20,I) = x(Na 0) + x(K20). 2 2 

A =exp(-19.81+1.73x~~~CaO~~~+5.8Zx~CaF2~+7.02x~Na2O)-33.~6x(Al 2 3  0 ) 

B =+3 1 140-23896x(~~CaOf9)-46356x(CaF2)-39 l59x(~~Na2Ott)+68833x( A 1 2 0 3 )  

3 )  

4)  

Subsequent ly ,  from t h e  v a l u e s  o f  A and B i t  is p o s s i b l e  t o  c a l c u l a t e  t h e  
v i s c o s i t y  f o r  t h e  t e m p e r a t u r e s  i n  ques t ion  by u s e  of  equat ion 2 ) .  

(18)  Model due t o  Urbain e t  a 1  

I n  t h i s  model t h e  parameters  A and B are c a l c u l a t e d  by d i v i d i n g  t h e  s l a g  
c o n s t i t u e n t s  i n t o  t h r e e  c a t e g o r i e s  (i) " g l a s s  formersn ,  xG = x ( S i 0  ) + x(P 0 ) 
(il) nmodifiers", xM = (CaO)  + x(Mg0) + x(Na20) + x(K20) + 3x(CaF2? + ~ ( F e 8 ) ~ +  
x(Mn0) + 2x(Ti02) + 2x(Zr02)  (iii) "amphoter icsn,  xA = x(A1203) + x(Fe203) + 
x(B 0 ).  2 3  
However we c o n s i d e r  t h a t  Fe20 behaves more l i k e  a modi f ie r  than an 'amphoter ic  
and i n  our r e v i s e d  programme 3.5 x(FeOl 5 )  has  been added t o  xM and x(Fe 0 ) 
deducted from xA. tfNormalizedft va lues  'x,* and x fi and x fi a r e  obtaine? $y 
d i v i d i n g  t h e  mole f r a c t i o n s ,  x and xA by t h e  term 
( 1  + 2x(CaF2) + 0.5 x(FeO) + x(Zr0  )). Urbain proposed t h a t  t h e  
parameter  B was i n f l u e n c e d  k&i by t h e  r a t i o ,  4 = ? x i / ( %  + x i ) ]  and by x*. The 
parameter  B can be expressed  i n  t h e  form o f  equat ion ( 5 )  where B1,  B p  and % can 

M A 

!(Ti02) 

be  obtained by equat ion ( 6 ) .  3 

B = Bo + B1 x: + B2(xG) ' 2  + B ( x  f i 3  ) 
3 G  

Bi = ai + big + cieZ 

5)  

B , B1, B2 and B can be c a l c u l a t e d  from t h e  equat ions  l i s t e d  i n  Table 1 and 
tRese p a r a m e t e r ~ ~ a r e  t h e n  in t roduced  i n t o  equat ion 5 )  t o  c a l c u l a t e  B. The 
parameter  A can be c a l c u l a t e d  from B by equat ion  7)  and t h e  v i s c o s i t y  of  t h e  
s l a g  (in Pas) can then  be determined us ing  equat ion  8 ) .  

- 1nA = 0.2693 B + 11.6725 

0.1 [AT exp ( lo3 B/T)] 

2 TABLE 1 
'2' 

B = 13.8 + 39.93556 - 44.049 
BY 
B2 
B3 = ' 60.7619 - 153.9276 + 211.1616 

= 30.481 - 117.1505d+ 129.f4978g2 
= -40.9429 + 234.0486@- 300.04 t22 

B e 
( * *  

7) 

8)  
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Modif icat ions t o  t h e  Urbain model 

, Urbain('*) has  r e c e n t l y  modified t h e  model t o  c a l c u l a t e  s e p a r a t e  B Values f o r  
A d i f f e r e n t  i n d i v i d u a l  m o d i f i e r s ,  C a O ,  MgO and MnO. The g l o b a l  B Value f o r  a S l a g  

x(CaO)B(CaO) + x(MgO)B(MgO) + x(MnO)B(MnO) 

x(Ca0) + x(Mg0) + x(Mn0) 
B(globa1) 9) 

Assessment of  t h e  v i s c o s i t y  models 

These two models have been used t o  c a l c u l a t e  t h e  v i s c o s i t i e s  of s l a g s  with 
widely-varying compositions and it h a s  been found t h a t  both g i v e  va lues  which 
agree  well with experiment. 

The model of Urbain g ives  a s l i g h t l y  b e t t e r  f i t  than  t h e  Riboud model. The  
d i s c r e p a n c i e s  between t h e  exper imenta l  va lues  and t h e  pred ic ted  v a l u e s  are Of 
t h e  order  of 2 30% which are of similar magnitude t o  t h e  experimental  
u n c e r t a i n t i e s  f o r  v i s c o s i t y  measurements. 

2.3 Density ( Q ) 

Recent ly  Keene(25) has  r e p o r t e d  t h a t  t h e  d e n s i t y  a t  1673K of molten s l a g s  can be  
obta ined  w i t h i n  5% us ing  t h e  equat ion 10) 

e / g ~ m - ~  2.46 + 8.018 ( $  FeO + % Fe203 + MnO + % NiO) 10) 

An a d d i t i v e  method(sg;2flje e s t i m a t i o n  of d e n s i t i e s  (e) i n  s l a g s  h a s  been widely 
used f o r  some t ime . I n  t h i s  method, t h e  m o l a r  volume, V ,  can be  obta ined  
from equat ions  11)  and 12) below, where M ,  x and V a r e  t h e  molecular  weight ,  
mole f r a c t i o n  and t h e  par t ia l  molar volume, r e s p e c t i v e l y ,  and 1 ,  2 and 3 denote 
t h e  var ious  oxide  c o n s t i t u e n t s  of t h e  s l a g .  

V =  M X  + M 2 x 2 + M x  1 1  3 3  - - 
V E X V  + x 2 v 2 + x v  

1 1  3 3  
The p a r t i a l  molar volume i s  u s u a l l y  be equal  t o  t h e  molar volume OL 
t h e  pure component ( V O ) .  Bot t inga and Weill pzoduced a s e r i e s  o f  v a l u e s  of  V 
f o r  var ious  oxides  assuming a c o n s t a n t  value f o r  V(Si02) and i t  was claimed t h a t  
good e s t i m a t i o n s  o f  t h e  d e n s i t y  could be o b t a i n e  tqgf,y0)compositions containin& 
between 40 and 80% Si02.  Two more r e c e n t  s t u d i e s  a l s o  -concluded t h a t  V 
( S i 0  ) was independent of  composition and have ed t h e  V v a l u e s  f o r  t h e  
var ious  oxides .  However it h a s  been poin ted  out  
s l a g  is a l s o  r e l a t e d  to  its s t r u c t u r e .  S i l i c a t e  s l a g s  c o n t a i n  a mixture  of 
c h a i n s ,  r i n g s  and b a s i c  s i l icate  u n i t s ,  which are dependent upon t h e  s i l i c a  
concent ra t ion  and upon t h e  n a t u r e  of t h e  c a t i o n s  p r e s . n t .  Thus t h e  d e n s i t i e s  of  
s i l icate  s l a g s  es t imated  us ing  a c o n s t a n t  va lue  f o r  V(Si02) w i l l  be s u b j e c t  t o  
e r r o r  as t h e  arrangement o f  t h e s e  s i l i c a t e  c h a i n s  v a r i e s  with s i l i c a  
concent ra t ion .  

Furthermore Grau and M a ~ s o n ' ~ ~ )  poin ted  o u t  t h a t  f o r  t h e  series M 0 ,  M2Si02 the  
p a r t i a l  molar volume of  S i02  is n o t  c o n s t a n t .  They c a l c u l a t e d  a*$ term f o r  t h e  
d i f f e r e n c e s  between any two members o f  t h e  series and i n  t h i s  way c a l c u l a t e d  
va lues  were der ived  f o r  t h e  systems FeO + S i 0 2 ,  PbO + Si0  , FeO + MnO + Si02  and 

method is not  s u i t a b l e  f o r  c a l c u l a t i n g  dens i t i e sSo iP~~u l t i componen t  systems.  

1 ("" t h a t  t h e  d e n s i t y  of  t h e  2 

I 

i 
I 

t FeO + CaO + Si02  f o r  compositions i n  t h e  range x = 0.g t o  1.0. However t h i s  
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Very r e c e n t l y ,  Bot t inga  et ,1(33) have presented  a model i n  which t h e  p a r t i a l  
molar volumes of a l u m i n a - s i l i c a t e  l i q u i d s  were considered t o  be 
composition-dependent. 

N e w  model f o r  c a l c u l a t i n g  t h e  d e n s i t i e s  o f  s lam 

S l a g s  conta in ing  SiO,, A 1  0 and P 0 c o n s i s t  o f  c h a i n s ,  r i n g s  and complexes 
which a r e  dependent upon t%e amount2a;id n a t u r e  of  t h e  c a t i o n s  p r e s e n t .  Thus it 
is necessary t o  make t h e  p a r t i a l  molar volumes dependent upon composition f o r  - oxides of  this type.  I f  i n  a b inary  system, equat ion  12) were a p p l i c a b l e  and i f  
Vi = V i  ie.V i s  independent  o f  composi t ion,  then t h e  curve of  V as a f u n c t i o n L f  
composition w i l l  be t h a t  shown by t h e  s o l i d  l i n e  i n  Figure l a  and t h e  two x V .  
c o n t r i b u t i o n s  by t h e  d o t t e d  l i n e s .  If we now cons ider  a b inary  s i l i c a t e  sys4ed 
t h e  molar volume (V) would haLe t h e  form shown as a s o l i d  l i n e  i n  F igure  l b .  It 
is reasonable  t o  assume t h a t  V(M 0) is  independsnt  o f  composition and would have 
t h e  form o f  x f i n  F igure  lb .  TKe parameter x2V2 can be der ived f o r  S i02  by use 
of  equat ion 13)  below. 

3 

1 

.. 
x2v2 = v - x l v l  13) 

Thus x P w i l l  have t h e  form o f  t h e  curve  shown i n  F igure  l b .  2 2  

I t  i s  p o s s i b l e  t o  d e r i v e  zy f o r  Si0 i n  t e r n a r y  and qua ternary  s l a g s  by using 
equat ion 14) .  Values f o r  XV (SiO, )  ha%e been der ived us ing  experimental  dens i ty  
d a t a  f o r  t h e  systems,  FeO + SiO,, CaO + S i 0  , MnO + Si0 Na20+Si0 K 0 + SiO, 
and CaO + FeO + Si0 and a r e  p l o t t e d  aga in& x(Si02)  i n % i g u r e  2. c& i e  seen 
from t h i s  f i g u r e  % h a t  t h e r e  i s  e x c e l l e n t  agreement between t h e  xV(Si0 
c a l c u l a t e d  from d i f f e r e n t  s o u r c e s ,  wi th  t h e  except ion  of  t h a t  f o r  t h e  MnO + Si8, 
system; however t h e  r e l i a b i l i t y  of t h e  experimental-data f o r  t h i s  system, have 
been quest ioned previous ly .  From t h i s  curve f o r  xV(Si0,) we  can d e r i v s  t h e  
r e l a t i o n s h i p ,  V(Si02) = 19.55 + 7.966.x(SiO ).  The recommended va lues  f o r  V f o r  
t h e  var ious  oxides  a t  150OoC are given i n  T i b l e  2. - - 

XV(SiO2) = v - X I V ,  - x2v2 - x3v3 

Values f o r  x? ( A 1  0 ) were determined i n  a similar manner by us ing  experimental  
d e n s i t y  data  f o r  %?e systems,  CaO + A 1  03, CaF + A1203 ,  CaF + A120 , Si02 + 
A120 , MgO + CaO + A 1  0 and MnO + S i 8  + Al$3. The XV ( A ?  0 ) r e z u l t s  a r e  
p$otzed i n  F igure  3 an5 g h e  relationship'%(A1203) = 28.31 + 32 %(%1203) - 31.45 
x ( A 1  0 was der ived from t h i s  curve. 

2 3  
There are few exper imenta l  d a t a  f o r  t h e  d e n s i t y  o f  phosphate s l a g s ,  xy(P205) 
va lues  were der ived  fzom d a t a  f o r  t h e  systems CaO - FeO - P 0 

r e l a t i o n s h i p .  

and Na 0 - P 0 
A cons tan t  va lue  of V = 65.7 c m  3 mol- was obta ined  from2tge s e l e c z e d  l i g e i ;  

TABLE 2 

Recommended v a l u e s  for  t h e  p a r t i a l  molar volumes, V ,  
of v a r i o u s  s l a g  c o n s t i t u e n t s  a t  15OO0C 

- 

SiO, 19.55 + 7.966 x(SiO2 ) FeO 15.8 K20 51.8 
A1203 28.31 + 32 ~ ( A 1 ~ 0 J - 3 1  .45 x2(A$0,) 38.4 CaF2 31.3 
CaO 20.7 ;3O3 15.6 P205 65.7 
MgO 16.1 Na 20 33 T i O p  24 

Uni t s  o f  v cm3 mol-' 10"j m 3  mol-' 

I n  order  t o  provide a temperature  c o e f f i c i e n t ,  t h e  temperature  dependencies Of 
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t he  molaC volumes (dV/dT) of many s l a g  systems were examined and a mean va lue  of 
0.01% K- was adopted. 

Assessment o f  d e n s i t y  models. 

An a n a l y s i s  o f  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  with t h e  estimated o f  d e n s i t i e s  wi th  
t h i s  model h a s  not  been completed y e t .  However on t h e  b a s i s  of  those  v a l u e s  
obtained so far t h e  s t a n d a r d  d e v i a t i o n  of  t h e  f a c t o r  ' [ ( e e s t - ~ e x p t / e e x p t ]  is 
b e t y p  1 and 2% and less than t h a t  recorded vary t h e  method due t o  Bot t inga  e t  
a 1  . The experimental  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  d e n s i t y  measurements f o r  
s l a g s  are i . e .  t 2%. 

2.4 Surface tens ion  (1) 

Methods f o r  e s t i m a t i n g  t h e  s u r f a c e  tens ion  of s l a g s  based on t h e  a d d i t i o n  of  t h e  
partial  molar copjy jbut ions  (3 )  of ttg) i n d i v i d u a l  c t i t u e n t s  have been 
repor ted  by Appen and by P o p e l m .  A l l  t h e s e  methcds 
make u s e  of equat ion 13d where 1 , 2 , 3  e t c  denote  t h e  var ious  slag c o n s t i t u e n t s .  

by Boni and Derge 

4 - - 
7. XJ1 + x2x2 + x 'I + ..... 

3 3  13a)  
L 

Values o f  'II; a r e  o f t e n  taken  t o  be t h e  s u r f a c e  tens ion  of t h e  pure components, 
r?, and have a l s o  been obta ined  by r e i t e r a t i v e  procedures .  F igure  4a shows a 
t y p i c a l  p l o t  of  t as a func t ion  of x f o r  a b inary  s l a g  and t h e  i n d i v i d u a l  XI, 
c o n t r i b u t i o n s  have been included These methods work well f o r  c e r t a i n  s l a g  
mixtures  but  break down when s u r f a c e - a c t i v e  c o n s t i t u e n t s ,  such as P 0 a r e  
present .  Sur face  a c t i v e  components migra te  p r e f e r e n t i a l l y  t o  t h e  s u r s a %  and 
cause a sharp  decrease in t h e  s u r f a c e  t e n s i o n  and only very small c o n c e n t r a t i o n s  
are requi red  t o  cause a n  apprec iab le  decrease  i n  3 i f  t h e  c o n s t i t u e n t  is 
concent ra ted  in t h e  s u r f a c e  l a y e r .  Thus some unrepor ted  o r  undetec ted  impur i ty  
could have a marked e f f e c t  on t h e  s u r f a c e  t e n s i o n  o f  t h e  s l a g  and consequent ly  
produce an apparent  e r r o r  i n  t h e  value e s t i m a t e d  by t h e  model. In t h i s  a s p e c t  
s u r f a c e  tens ion  d i f f e r s  from a l l  t h e  o t h e r  p h y s i c a l  p r o p e r t i e s  which a r e  
e s s e n t i a l l y  bulk p r o p e r t i e s .  

Model for c a l c u l a t i n g  t h e  s u r f a c e  t e n s i o n  of  slam 

Figure  4a shows t h e  s u r f a c e  t e n s i o n  of two s l a g  c o n s t i t u e n t s  which are not  
surface a c t i v e .  For a binary mixture  w i t h  one s u r f a c e  a c t i v e  component t h e  
s u r f a c e  tension-composition r e l a t i o n s h i p  w i l l  have the  form o f  t h a t  shown i n  
F igure  4b where 2 denotes  t h e  s u r f a c e - a c t i v e  c o n s t i t u e n t .  If we assume t h a t  XI 
f o r  component 1 is Unaffected then t h e  term a2x2, t h e  p a r t i a l  molar c o n t r i b u t i o n  
of t h e  s u r f a c e  active 'material, can be c a l c u l a t e d  by equat ion  14d below. The 
term ( x  1 ) can s i m i l a r l y  be c a l c u l a t e d  f o r  t e r n a r y  and qua ternary  systems 
provid ing  there is only one s u r f a c e  a c t i v e  component. The composi t ional  
dependence of t h e  (x2v2) term is shown i n  

2 2  

14a) 

F igure  4b and i t  should be noted t h a t  as x -P 1 then x2Tpjo. Values o f  (xg) 
f o r  var ious  s u r f a c e  a c t i v e  m a t e r i a l s  d e r i v e 3  from exper imenta l  s u r f a c e  tens ion  
d a t a  a r e  shown in Figures  5a. It is p o s s i b l e  t o  d e a l  w i t h  t h e  composi t ional  
dependence of  t h e s e  ( x m  va lues  by c o n s i d e r i n g  two curves v i z .  one o p e r a t i n g  up 
t o  t h e  poin t  N and t h e  o t h e r  r e p r e s e n t i n g  va lues  o f  x where x > N. The p a r t i a l  
s u r f a c e  tens ion  f o r  non-surface a c t i v e  c o n s t i t u e n t s  is shown i n  Table  3 and t h e  
equat ions  f o r  c a l c u l a t i n g  f f o r  s u r f a c e  a c t i v e  components and v a l u e s  of  N a r e  
given i n  Table 4 .  There is a c o n s i d e r a b l e  discrepancy i n  t h e  x 3 - (x  ) 
r e l a t i o n s h i p s  f o r  B 0 obta ined  from exper imenta l  d a t a  on two di f fe ren{  gystemz, 

2 3  
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consequent ly  a mean v a l u e  h a s  been adopted u n t i l  f u r t h e r  data become a v a i l a b l e .  

TABLE 3 - 
Partial  molar s u r f a c e  t e n s i o n , Y  , a t  1500 OC 

f o r  d i f f e r e n t  s l a g  c o n s t i t u e n t s  

sio2 CaO MgO FeO MnO Ti02 
260 625 6":So3 635 645 645 360 

- TABLE 4 
Values o f  xixi a t  5OO0C f o r  s u r f a c e - a c t i v e  c o n s t i t u e n t s  

L 

S l a g  xivi f o r  x < N N xiyi f o r  x > N 
Cons t i  tuent  

2 
Fe 0 -3.7 - 2972 x + 14312 5 
~ ~ ~ 0 3  0.8 - 1388 x - 6723 x2 K 8  0.8 - 1388 x - 6723 x 
P20 -5.2 - 3454 + 22178 x2 
B ~ O ~  -5.2 - 3454 + 22178 
c2, 3 - 1248 x + a735 x 2  

s -0.8 - 3540 x + 55220 x 
Ca$23 -2 - 934 x + 4769 X, 

0.125 
0.115 
0.115 
0.12 
0.10 
0.05 
0.13 
0.04 

-216.2 + 516.2 x 
-115.9 + 412.9 x 

-94.5 + 254.5 x 

-155.3 + 265.3 x 
-142.5 + 167.5 x 

-84.2 + 884.2 
-92.5 + 382.5 
-70.8 + 420.8 

The repor ted  values-?f (Qx/dT) f o r  var ious  s l a g  systems were examined and a mean 
va lue  of -0.15 mN m K- was appl ied  a s  a temperature  c o e f f i c i e n t .  

Assessment o f  t h e  model 

The s tandard  d e v i a t i o n  of  t h e  f a c t o r  [(Vest- $ e x p t ) / l e x p t l  was ca .  2 10%. 
Undoubtedly much o f  t h e  u n c e r t a i n t y  arises from experimental  e r r o r s ,  where t h e  
e f f e c t  of  unrepor ted  s u r f a c e  a c t i v e  i m p u r i t i e s  and t h e  n a t u r e  of  t h e  gaseous 
atmosphere could have a marked e f f e c t  on t h e  va lue  of  s u r f a c e  t e n s i o n .  

Another major source  of  e r r o r  is t h e  amount o f  Fe 0 p r e s e n t  i n  t h e  s l a g ,  t h i s  
i n v e s t i g a t i o n  has  shown cj$arq+ t h a t  Fe 0 is very s u r f a c e  a c t i v e .  Few 
i n v e s t i g a t o r s  c i t e  t h e  ( F e  /Fe ) r a t i o  6h?ch i n  t u r n  is dependent upon, 
( i ) p  (ii) T and (iii) t h e  n a t u r e  and amount of  o t h e r  ox ides  present  and 
furtggrmore t h e  r a t i o ,  when quoted ,  is v u l n e r a b l e  t o  error. Thus t h e  problem 
arises i f  a decrease  i n  y is recorded when Na20 I s  added t o  t h e  s l a g ,  is t h i s  
decrease  due t o  a i n c r e a s e  in Fe 0 c o n t e n t  o r  due t o  t h e  s u r f a c e  a c t i v i t y ?  I n  
t h i s  i n v e s t i g a t i o n  a t t e m p t s  were2mide t o  compensate 
c o n t e n t  but t h e  e f f e c t s  o f  b a s i c  oxides  on t h e  Fe d i s t r i b u t i o n  a r e  n o t  w & j  
documented and some error may ensue.  

A major unresolved problem concerns  t h e  s i t u a t i o n  where t h e  s l a g  c o n t a i n s  more 
than one s u r f a c e  a c t i v e  component. It is p o s s i b l e  t h a t  t h e r e  is some competition 
f o r  s i tes  on t h e  s u r f a c e  and hence t h e  decrease  i n 8  would n o t  be as  sharp as 
t h a t  c a l c u l a t e d  from t h e  summation of (xA8A + xBa ) where A and B denote 
s u r f a c e  a c t i v e  c o n s t i t u e n t s .  I n  t h i s  c a s e  t h e  mogel may overes t imate  t h e  
decrease  i n  % . There a r e  n o  e x t a n t  data t o  confirm t h i s  p o s s i b i l i t y ,  we have, 
however, considered (Na 0 + K 0) as one c o n t r i b u t i o n  i n  t h e  model. 

2 3  

f o r  an i n c r e a s e  i n  Fe 0 

2 2  

2.5 Thermal P r o p e r t i e s  

The computation of t h e  thermal  l o s s e s  in t h e  conver te r  by conduct ive and 
r a d i a t i v e  processes  r e q u i r e s  knowledge of  t h e  fo l lowing  thermal  p r o p e r t i e s ,  hea t  
c a p a c i t y ,  en tha lpy ,  thermal  c o n d u c t i v i t y ,  absorp t ion  c o e f f i c i e n t  and emiss iv i ty .  
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\ 2.5.1 Heat c a p a c i t y  C,and en tha lpy  (HT - H of slags 
r -298)- 

\ 

When a s i l icate  l i q u i d  is  cooled the s t r u c t u r e  of t h e  s o l i d  formed is dependent 
upon t h e  c o o l i n g  rate and t h e  thermal  h i s t o r y  of t h e  sample. Consider a l i q u i d  
a t  a temperature corresponding t o  t h e  p o i n t  C i n  F igure  6 ,  a r a p i d  quench w i l l  
produce a g l a s s  and t h e  en tha lpy  evolved w i l l  fo l low t h e  p a t h  CLGA. By c o n t r a s t ,  
a very slow c o o l i n g  rate w i l l  result i n  t h e  formation of a c r y s t a l l i n e  s l a g ,  t h e  
en tha lpy  evolu t ion  fo l lowing  t h e  p a t h  CL De, It w i l l  be noted  from F i g u r e  6 t h a t  
(H$ - H 2 @ ) c r p t  = (HT - H 2 9 8 b l y s  + AHV1', where AHvit is e n t h a l p y  of t h e  
e n  o t h e r  c ransformation o crystal + g l a s s ) .  The C- v a l u e s  f o r  t h e  

Y . -  
Various phases can be summarized a s :  

C ( c r y s t a l )  = C ( g l a s s )  < C ( supercooled  l i q u i d )  = C ( l i q u i d )  
P P P P 

It can be s e e n  from Figure  6 t h a t  a t  t h e  glass temperature (T ) t h e r e  is a 
sudden i n c r e a s e  i n  C ( A C  gl) as t h e  g l a s s  t ransforms i n t o  a supercooled 
l i q u i d .  Drop calorimet$y s t u 8 i e s  on t h e  g l a s s  phase a t  tempera tures  between T 
and Tlig w i l l  produce p r o g r e s s i v e l y  more c r y s t a l l i z a t i o n  as  T is  approachga 
and con equent ly  t h e  (H - H29 ) - T r e l a t i o n s h i p  w i l l  be  lsifbilar to t h a t  
d e p i c t e d  by t h e  d o t s  i n  J i g u r e  tu,.;d n o t  t h e  p a t h ,  AGLC; t h e  magnitude of t h e  
a p p a r e n t  en tha lpy  of  f u s i o n  ( A H  w i l l  be dependent upon t h e  f r a c t i o n  of t h e  
sample c r y s t a l l i z e d  d u r i n g  a n n e a l i n g  a t  tempera tures  between T and T . The 
C va lues  f o r  t h e  l i q u i d  and superco  l i q u i d s  have beeng%eporteai%o be 
c g n s t a n t  and indepe dent  of temperatur& '#. It follows from t h e  t r i a n g l e  GEL i n  
F igure  6 t h a t  AC gri(T - T ) =AH . Thus it is p o s s i b l e  t o  e s t i m a t e  t h e  
en tha lpy  of a slag w i t h i %  gld&y s t r u c t u r e  from e s t i m a t e s  o f  C ( g l a s s )  C ( l i q )  
and T . However t h e  e s t i m a t i o n  of T is d i f f i c u l t  as it can vavy betweenP- 700 
and l a 0  K and the(y8yious  es t imat idf i  r u l e s  suggeste nown t o  be prone t o  
a p p r e c i a b l e  e r r o r s  . Inspec t ion  of l i t e r a t u r e  d a t a  dcg95g5 i n d i c a t e  t at  t h e  
glass t ransformat ion  o c c u r s  when C a t t a i n s  a va lue  of ca .  1.1 J K-'g-'; t h i s  
r u l e  h a s  been used in t h e  develoDme%t of t h e  fo l lowing  model f o r  the  e s t i m a t i o n  

g l  

of (HT - HZg8) and C of slags wi th  a g l a s s y  s t r u c t u r e .  

The C for  glass, l i q u i d  and supercooled l i q u i d  phases  can b e z s t i m a t e d  from 
s l a g  Pcomposition u s i n g  p a r t i a l  molar h e a t  c a p a c i t i e s  (Cp) as shown 
equat ion  15).  

P 

- 
C P ' X C  + x F  + x T  + x F  ... 

1 P1 2 P2 3 P3 4 P4 - 
For most materials t h e  tempera ture  dependence of C is  u s u a l l y  expressed  
form given  by equation 16) where a ,  b and c are conspants 

C ~ a + b T - c T - ~  
P 

I 

L 
The en tha lpy  at T r e l a t i v e  t o  298 K (25 OC) is  obta ined  from e q u a t i o n  17)  

P t h e  glass phase 

t h e  
i n  

15) 

t h e  

16) 

f o r  

Values of a ,  b and c for  t h e  v a r i o u s  s l a g  components a r e  g i v e n  i n  Table  5 and it 
should  be noted t h a t  t h e  P20 and 
CaS04, r e s p e c t i v e l y .  The amo?mt of CaO used i n  t h e  c a l c u l a t i o n  of xE ?CaO) 
s h o u l d  be  a d j u s t e d  by t h e  r e l a t i o n s h i p  x(Ca0) = x(Ca0 , t o t a l )  - x ( P  0 )'- x(S)  
t o  account f o r  t h e  CaO i n  CaP206 and CaSO,,. The model also t a k e s  iEt2 account  
t h e  presence  of f r e e  i r o n  i n  t h e  slag.  
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TABLE 5 

S l a g  
Component 

sio2 

K2° 

Mn02 

CaO 

Na 0 
Ti6  

F e0 
Fe 0 
Fe2 

’2’5 CaF2 

s03 

The vz 

- 
C (glass)/calK-’mol-’=a+bT -c/T2 ?p ( l iq )  

M P  
a b.103 c.105 cal K-lmo1-l 

60.09 
56.08 

101.96 
40.31 
94.2 
61.98 
79.9 
70.94 
71.85 

159.7 
55.85 

141.91 
78.08 
80.06 

13.38 
11.67 
27.49 
10.18 
15.7 
15.7 
17.97 
11.11 
11.66 
23.49 

3.04 
43.63 
14.3 
16.78 

3.68 
1.08 
2.82 
1.78 
5.4 
5.4 
0.28 
1.94 
2.0 

18.6 
7.58 

11.1 
7.28 

23.6 

3.45 
1.56 
8.4 
1.48 
0 
0 
4.35 
0.88 
0.67 
3.55 
-0.6 

10.86 
-0.47 

0 

1 c a l  = 4.184 J; T i n  K 

20.79 
19.3 
35 
21.6 
17.7 
22 
26.7 
19.1 
18.3 
45.7 
10.5 
58 
23 
42 

Jes of  ? f o r  e l i q u i d  w ) s u p e r c o o l $ d  l i q u i d  given i n  Table 5 a r e  
those  repor ted  t& Carmichael e t  a 1  
where o t h e r  va lues  have been p r e f e r r e d .  

except  C va lues  f o r  A1203 and Fe 0 
P 2 3’ 

Thus (HT - v a l u e s  f o r  a l i q u i d  s l a g  a t  temperature  T y n  be es t imated  by 
determinin;F8 (ie tempera ture  a t  which C = 1.1 J K-l g- ) and c a l c u l a t i n g  
(HT 

Values of C ( g l a s s )  ob ta ined  with t h i s  model l i e  w i t h i n  2% of  t h e  experimental 
v a l u e s  and’the C ( l i q )  v a l u e s  a l s o  appear  t o  agree  with exper imenta l  da ta ;  
v a l u e s  of  AC g1 Pat(3’&g&)calculated us ing  the  mydell l ie  w i t h i n  t h e  range of 
exper imenta l  h u e s  of 0.15 t o  0.30 J K- g . One major uncer ta in ly  
would appear  t o  l i e  i n  t h e  c a l c u l a t i o n  of T , however it can be shown t h a t  an 
e r r o r  i n  T of 100 K would o n l y  produce & e r r o r  o f  ca .  1% i n  t h e  value of 
( H  t Hg18) f o r  t h e  s l a g .  T h e  most s e r i o u s  source  o f  e r r o r  would thus  appear 
to’%!se tl%ough C f e s t a l l i z a t i o n  of  t h e  sample dur ing  quenching, a s  few d a t a  a r e  
a v a i l a b l e  for AH , t h e  magnitude of  e r r o r s  a r i s i n g  from t h i s  s o u r c e  have not 
been eva lua ted .  

- H298)%om equat ion  (17)  and (HT - H: ) from C ( l iq) . (T-T 1. P g l  g l  g l  

2.5.2 Heat t r a n s f e r  i n  s l a g s  

Heat i s  t r a n s f e r r e d  through s l a g s  by a v a r i e t y  o f  mechanisms which include 
convect ion,  r a d i a t i o n  and v a r i o u s  thermal  conduct ion processes ,  v i z .  thermal 
(Vhonon”)  c o n d u c t i v i t y ,  (k ), e l e c t r o n i c  c o n d u c t i v i t y  (k 1) and r a d i a t i o n  
c o n d u c t i v i t y  (kR). Methods ‘for e s t i m a t i n g  t h e  var ious  pEys ica l  p roper t ies  
involved i n  t h e s e  p r o c e s s e s  are cons idered  below. 

2.5.3 Thermal c o n d u c t i v i t y  (k)  

Heat i s  t r a n s f e r r e d  by phonons which a r e  quanta of energy a s s o c i a t e d  with each 
mode of v i b r a t i o n  i n  t h e  sample. S c a t t e r i n g  o f  t h e  phonons causes  a decrease i n  
t h e  thermal  c o n d u c t i v i t y  and t h u s  t h e  c o n d u c t i v i t y  is s e n s i t i v e  t o  t h e  structure 
of t h e  s l a g  and consequent ly  those  f a c t o r s  a f f e c t i n g  s t r u c t u r e  such as  the  
b a s i c i t y .  Despi te  t h i s  s t r u c t u r e  dependence, estima o u l e s  based on the  
a d d i t i v i t y  p r i n c i p l e  ( e q u a t i o n  18)) have been proposed w’q2r. Other models have 
been developed which r e l a t e  k t o  t h e  volume concent ra t ion  of t h e  oxides  i n  the  
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g l a s s ( 4 3 )  and a t h i r d  approach(44)  r e l a t e s  t h e  thermal  resistance ( l / k )  t o  
Ximi Where mi is t h e  e f f e c t i v e n e s s  o f  modi f ie r  o f  component i i n  s c a t t e r i n g  

phonons. 

k i  ( % i ) k i  + ( % j ) k j  + ....... 18 1 

However i n  c o a l  s l a g s  t h e r e  i s  f r e q u e n t l y  an a p p r e c i a b l e  degree of 
c r y s t a l l i z a t i o n  and thermal  c o n d u c t i v i t y  va lue  varies with t h e  thermal 
h i s t o r y  of t h e  sample"'), and consequent ly  r u l e s  developed f o r  g l a s s e s  may not  
aPPlY(yg3l f o r  c o a l  s l a g s .  Recent work c a r r i e d  out  on a l a r g e  number of s i l icate  
s l a g s  i n d i c a t e d  t h a t  t h e  thermal  d i f f u s i v i t y ,  a ,  (a=k/C .e) o f  var ious  s l a g s  
was independent o f  both composition an mp r a t u r e  i n  th% r a n g y  (200_ll300 K) 
with a ( g 1 a s s )  = 4.5(!: 0.5)xlO-' U?S-' ; a ( c r y s t )  = 6x10- m s and 
a ( l i q I 4 $ ) a ( g l a s s ) .  These d a t a  r f y )  c o n s i s t e n t  with va lues  r e p o r t e d  f o r  c o a l  
S l T f g )  

and s teelmaking s l a g s  . However, t h e  va lues  r e p o r t e d  by Nauman e t  
a1 i n d i c a t e  t h a t  a t  h igh  FeO content3  ( >  20%) bgth k and a i n c r e a s e  with 
i n c r e a s i n g  FeO content  (k  = 0.8 + 1 . 7 ~ 1 0 -  (5  FeO) Wm- K-l). 

2.5.4 Absorption c o e f f i c i e n t  ( 

Radiat ion c o n d u c t i v i t y  (k  ) can be t h e  predominant mode of h e a t  t r a n s f e r  through 
semi- t ranspor t  media l i k e  g l a s s e s  and t h e  magnitude of  k is determined l a r g e l y  
by t h e  o p t i c a l  p r o p e r t i e s  such as t h e  a b s o r p t i o n  coe%fic ien t  (at) and t h e  
r e f r a c t i v e  index ( n ) .  The value of kR i n c r e a s e s  as t h e  s l a g  t h i c k n e s s  (d)  is 
i n c r e a s e d  u n t i l  a c r i t i c a l  p o i n t  is a t t a i n e d ,  above t h i s  p o i n t  kR remains 
c o n s t a n t  and independent o f  th ickness .  Above t h i s  c r i t i c a l  p o i n t  t h e  slag is 
s a i d  t o  be " o p t i c a l l y  t h i c k ,  t h i s  condi t ion  a p p l i e s  when a d  > 3.5 and va lues  of  
kR can be c a l c u l a t e d  us ing  equat ion  l g ) ,  where d is  t h e  Stefan-Boltzmann 
cons tan t .  

R 

16 n2T30' kR = - 
301 19) 

No formulae e x i s t  f o r  t h e  c a l c u l a t i o n  of  kR f o r  o p t i c a l l y  t h i n  condition2; The 
a b  o r  t i o n  c o e f f i c i e n t  ( is markedly dependent upon t h e  amounts of Fe and 
Mn'+ ; resent  i n  tqe s l a g d d ) (  l e v e l s  f o r  FeO < 5% t h e  fo l lowing  r e l a t i o n s h i p  can 
be a p p l i e d , d ( c m -  = l l (%FeO) .  Temperature appears  t o  have l i t t l e  e f f e c t  on t h e  
absorp t ion  c o e f f i c i e n t  o f  glasses but  t h e  a b s o r p t i o n  e n t s  o f  magmas have 
been r e p o r t e d  t o  i n c r e a s e  with i n c r e a s i n g  temperature  
t h e  slag w i l l  r e s u l t  i n  a l a r g e  i n c r e a s e  i n  t h e  absorp t ion  ( o r  e x t i n c t i o n )  
c o e f f i c i e n t  which could reduce k t o  v i r t u a l l y  zero .  

The importance of r a d i a t i o n  conduction i n  h e a t  t r a n s f e r  through c o a l  s l a g s  can 
rT$+Jy be demonstrated, f g r  a s l a g  with an a p p r e c i a b l e  FeO c o n t e n t  ( 7 % )  Fine  
- a1 a t  298 K us ing  t h i s  value and equat iz?  J ? ) ,  a va lue  
of kR = 0.9 Wm K can be c a l c u l a t e d  for 1873 K. As k = 1.5 Wm K it can be 
seen  t h a t  about  40% of t h e  h e a t  is t r a n s f e r r e d  by r ad i&ion  conduct ion.  

R 

recordei ,d-f  50 cm 

2.5.5 Emiss iv i ty  ( E )  

The e m i s s i v i t y  ( € 1  Of a semi- t ransparent  medium, is a bulk proper ty  c f .  
e (meta l )  which is s o l e l y  dependent upon t h e  s u r f a c e .  I n  t h e  b a s i s  of t h e  
s p e c t r a l  and t o t a l  normal +emissivi ty  d a t a  r e p o r t e d  f o r  c o a l  and m e t a l l u r g i c a l  
s l a g s  t h e  value 8 = 0.8 - 0.1 can be adopted f o r  c o a l  s l a g s  i n  t h e  range 
(1100 - 1900 K). 
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CONCLUSIONS 

1 )  Est imat ion procedures  based on t h e  chemical  composition of t h e  s l a g  have now 
been developed f o r  t h e  p r e d i c t i o n  of  v i s c o s i t y ,  s u r f a c e  t e n s i o n ,  d e n s i t y  and 
h e a t  capac i ty .  
2 )  The accuracy of  t h e s e  es t imat ion  r o u t i n e s  f o r  some p h y s i c a l  p r o p e r t i e s  (eg 
v i s c o s i t y ,  s u r f a c e  t e n s i o n )  can be improved when more r e l i a b l e  exper imenta l  da ta  
become a v a i l a b l e .  
3 )  The d i s t r i b u t i o n  of i r o n  i n  t h e  s l a g  betwen f r e e  Fer  FeO and Fe 0 has a 
pronounced e f f e c t  of v i r t u a l l y  a l l  t h e  p h y s i c a l  p r o p e r t i e s  and i t  i s  r$cammended 
tha t  experimental  d a t a  f o r  t h e  p r o p e r t i e s  o f  t h e  s l a g  should always be 
accompanied by va lues  for t h e  d i s t r i b u t i o n  o f  i r o n .  
4 )  The development of models f o r  t h e  p r e d i c t i o n  of some p h y s i c a l  p r o p e r t i e s  
( t h e r m a l  c o n d u c t i v i t i e s ,  absorp t ion  c o e f f i c i e n t )  i s  r e s t r i c t e d  by t h e  l i m i t e d  
amount of experimental  d a t a  a v a i l a b l e .  
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Viscosity of Fluxes for the Continuous Casting of Steel 

W. L. McCauley and D. Apelian 

Materials Engineering, Drexel University, Philadelphia, PA, 19104 

I 

i 

Mold fluxes are routinely used in both continuous casting and 
bottom pouring of steel. These fluxes are generally calcium-silicate 
based compositions with alkali oxides [(Li, Na, K) 201 and fluorides 
[CaF2, NaFl added as fluidizers. The compositions are sometimes based 
on the blast furnace slag [A1203-SiO2I system, but the fly ash [CaO- 
Si021 system is more common. 

A variety of properties of the flux must be controlled, includ- 
ing fusion characteristics (fusion temperature range and sintering 
characteristics, flow properties of the powder, viscosity of the mol- 
ten flux, and non-metallic absorption ability. The viscosity influ- 
ences the consumption rate of flux, heat transfer in the mold, and 
non-metallic dissolution rate, and has been the subject of a great 
deal of published and unpublished work over the last ten years. The 
purpose of this paper is to discuss the expression of viscosity as a 
function of composition and temperature in separate relations. 

In a previously published work (l), fluxes based on the CaO-Si02 
system were examined to determine the effects of basicity ratio and 
alkali oxide and fluoride additions on the viscosity of oxide melts 
in the mold flux composition range. Those results showed that for 
that range of compositions, the viscosity at a given temperature 
could be expressed as a function of the silica content squared. In 
this work, an expression for viscosity as a function of temperature . 
is derived from the Claussius-Clapeyron equation. 

Previous Work - Viscosity vs. Composition 
The viscosity of twenty controlled composition fluxes was mea- 

sured as a function of temperature. The compositions, given in Table 
1, were selected to fit a second order statistical design in the vari- 
ables V-ratio, %Na20 and %CaF2. The V-ratio [wt%CaO/wt%SiO~] was 
varied from 0.6 to 1.3, Na20 from 4 to 19wt%, and CaF2 from 2 to 
12wt%. A1203 was kept constant at 10wt%. The viscosity was measured 
using a rotating type viscometer with a molybdenum spindle in an ar- 
gon atmosphere. Details of the experimental technique were reported 
earlier (1). 

A summary of the experimental results is given in Table 2.  Vis- 
cosity decreased with increasing V-ratio, CaFz content and Nap0 con- 
tent as shown in Figures 1, 2 and 3, respectively. A plot of viscosi- 
ty VS. silica content, Figure 4, shows that silica has a predominating 
effect on viscosity. A simple quadratic relation of viscosity with 
wt% silica or mole fraction of silicon cations produced a better fit 
of the data than a model containing the design variables. The best 
fit of data was obtained with a quadratic relation of the ratio of 
network forming cations [Si, A1 and Zr] to total anion concentration 
[o and F]. Specifically, 

q15000c = 6.338 - 43.44K + 75.03K2 

= XSi + XAl + XZr where 

xO xF 
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The log of viscosity versus reciprocal absolute temperature showed 
a distinct non-linearity as evidenced by the typical results shown in 
Figure 5. This is not a complete surprise, but a simple Arrhenius type 
equation is not adequate to describe the viscosity/temperature rela- 
tionship. 

Viscosity vs. Temperature 

Viscosity can be considered as a measure of the ease of movement 
of molecules in a liquid undergoing shear. Several factors may influ- 
ence this ease of movement including molecule size and intermolecular 
attraction, but a major factor is the amount of space available be- 
tween the molecules, hence, the variety of models incorporating a 
free volume term. 

The Claussius-Clapeyron equation relates pressure with tempera- 
ture, enthalpy, and volume, and has been used to develop semi-theo- 
retical expressions of vapor pressure ( 2 ) .  Many properties, includ- 
ing viscosity, can be related to an energy barrier, free volume and 
temperature. The attempt here is to express viscosity in the form of 
the Claussius-Clapeyron equation. 

The Claussius-Clapeyron equation can be written 

E = - -  H -  4H 
dT T AV - 

where P, T, and AH have their usual meaning. For this discussion, AV 
is a measure of free volume or the difference between the volume at 
temperature and the volume at some standard state, e.g., at absolute 
zero. 

Equation 1 can be rewritten as 

where Az = PV/RT - PVo/RT 
Expanding AH to the Taylor series form and integrating with re- 

3 )  

spect to 1/T yields 

) RnP = 1 a - + bRnT + dT + gT2 +.... .( 2 

If the higher order terms are ignored, the expression reduces to 

RnP = A - + CRnT 4 )  

Such a derivation was originally developed and used by Kirchoff 

T 

[18581 and Rankine [18491 (2) to express the temperature dependence 
of vapor pressure. It was also successfully used by Brostow ( 3 )  to 
express the temperature dependence of the isothermal compressibility 
of a wide variety of organic liquids, some metallic liquids and water. 
By a similar analogy, we have used it to express the viscosity o f  
liquid mold fluxes. 

Regression Analysis 

The flux viscosity data was fitted to the Kirchoff-Rankine 
equation as, 
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and to the Andrade-Arrhenius equation 
11 = A exp(E/RT) 

I 

using the Marquardt method of non-linear least squares regression in 
the Statistical Analysis Systems [SAS] program package (4). The re- 
sults of the regression are given in Table 3 .  The standard deviation 
and an average difference between calculated and measured values are 
given in Table 4. 

In some cases, viz., Fluxes 5, 6 and 13 in Table 3, the signs of 
the coefficients are reversed, and a concave downward curve is gener- 
ated. This is most likely caused by the regression being trapped at 
a local minimum in the data and assuming convergence at that point. 
It is required for these cases that the size of the regression step 
should be increased to avoid the local minima, which SAS does not al- 
low. Also, there may not be enough data points to expand the regres- 
sion step as is probably true for Fluxes 6 and 13. 

For the majority of fluxes evaluated, the standard deviation, s ,  
and the average percent variation, h%, is lower for the Kirchoff- 
Rankine fitted equation vs. the Andrade-Arrhenius model, indicating 
a better fit of the experimental data. The average percent variation 
between calculated and experimental values is lower for the Kirchoff- 
Rankine equation, and the difference is most pronounced for those 
fluxes where the non-linearity o f  the experimental En 0 vs. 1/T data 
is greatest. 

Discussion 

When the non-linearity of the log viscosity vs. reciprocal tem- 
perature data was first observed, tests were made to insure that the 
curvature was real and not an artifact of the experimental apparatus. 
Hysteresis curves and constant temperature for extended time tests 
showed that the non-linearity was not caused by volatilization of al- 
kali or fluoride constituents or from thermal deviations in the fur- 
nace setup. The observed curvature of the data was not an artifact 
and represented the true physical behavior of the materials. The ap- 
plication of the Kirchoff-Rankine equation produced a more accurate 
description of the temperature dependence of viscosity. 

Additional work on liquid metals, simple chloride salts and some 
small molecule organic liquids (5) indicates that the advantage of the 
Kirchoff-Rankine equation over the Andrade-Arrhenius equation improves 
as the size of the melt species increases. The improvement in the de- 
scription of viscosity vs. temperature for metals and simple salts 
[e.g., NaCl and BiCl,] is not great, but for materials with larger 
melt species, there is a distinct improvement. 
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Flux - 
. 1  

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
1 4  
15  

. 1 6  
17 
1 8  
19  
20 

34.8 
34.4 
34.5 
34.6 
34.6 
34.7 
26.7 
30.7 
31.2 
35.2 
33.5 
38.8 
41.9 
48.0 
46.8 
30.6 
30.0 
39.6 
32.4 
39.1 

Flux 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
1 7  
18 
19 
20 

__ 

Table 1. Experimental Fluxes - Frit Composition, wt% 
CaO 5 MgO 3 Total 

10.2 32.7 10.7 7 .6  0.9 0.6 97.5 
9 .8  32.1 10 .9  8.4 0.7 0 .6  96.9 

10.0 32.7 11.0 7.6  0 .7  0.7 97.2 
10.1 32.5 1 0 . 8  7 .8  0 . 6  0 . 6  97.0 
10.3 32.3 10 .9  8.0 0.7 0.5 97.3 
10.1 33.0 10.8 7.2 0.6 0.6 97.0 

9.8 31.8 1 4 . 4  11.7 0 . 6  1 . 9  96.9 
8.9 . 32.6 12.9 2.3 0.7 8 .8  96.9 

10.4 40.3 5.7 7 . 6  0.8 0.7 96.7 
10.3 40.8 5.7 3 .3  0 .9  0 . 8  97.0 
10.4 24.9 1 5 . 1  11 .5  0 .5  0.4 96.3 
10.4 26.2 1 5 . 1  3.5 0.7 0.9 95.6 
10.6 29.5 6.8 7.8 , 0.7 0.9 98.2 
10.6 28.6 6.5 3.3 0 .8  1 . 4  99.2 
10.4 22.2 10.7 5 .5  0.6 2.7 98.9 
10.0 36.2 10.3 7 .0  1.0 2.1 97.2 
10.2 27.8 1 8 . 6  8 . 2  0 . 8  1 .6  97.2 
10.4 35.7 4.0 4.7 1.0 1 . 3  96.7 
10.4 30.4 10.8 11.7 0.7 1.1 97.5 
10.4 32.6 11.3 1 .7  0 . 9  1 . 2  97.2 

- - - 

Table 2.  Summary of Flux Viscosities 

Viscosity at 
13OO0C, Ns m-' 

0.395 
0.310 
0 .340 
0.485 
0.290 
0.510 
0.110 

NA* 
0.280 
6.00 
0 .270 
0 .930 
1 .15  
2 .80  
2 . 4 0  
7.00 
0.160 
1.40 
0 .250 
1 .40  

Viscosity at 
14OO0C, NS m-' 

0.230 
0.175 
0.205 
0.235 
0.190 
0.230 
0.065 

NA* 
0.160 
0.360 
0.150 
0 .460 
0.530 
1 . 3 0  
1 . 3 0  
0 .170 
0.115 
0.670 
0.130 
0.720 

Viscosity at 
1500°C, Ns m-' 

0.135 
0.112 
0.128 
0.125 
0.088 
0.122 
0.035 
NA* 

0.080 
0.180 
0.114 
0.270 
0.280 
0.710 
0.725 
0 .090 
0.059 
0.380 
0.094 
0.410 

V-ratio 

0.94 
0.93 
0.95 
0.94 
0.93 
0.95 
1.19 
1.06 
1.29 
1.16 
0.77 
0.67 
0.77 
0.60 
0.47 
1.18 
0.93 
0.90 
0.94 
0.83 

*Not available 
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Table 3. Regression Analysis Results 

i 

I 

Andrade-Arrhenius Equation Kirchoff-Rankine Equation 
A E t t t  

c3 --- s 8% n 
- --- Flux (Pa s )  (cal/mole) st -Ett C, C2 

1 
2 
3 
4 
5 
6 
7 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

t 

8.8313-6 
2.704E-6 
2.332E-6 
8.016E-7 
.2.528E-5 
8.079E-7 
1.963E-7 
1.496E-5 
7.5E-3 
7.820E-6 
4.828E-7 
2.661E-6 
5.4883-8 
5.761E-6 
2.OE-2 
5.469E-6 
4.126E-6 
7.393E-6 
1.493E-7 

33783 7.03E-3 
36304 1.99E-2 
30095 8.92E-3 
41748 1.82E-2 
29493 2.15E-2 
41814 2.33E-2 
41439 1.31E-2 
30736 1.22E-2 
36000* - 
32510 1.43E-2 
45110 6.00E-2 
40700 5.19E-2 
48579 2.26E-1 
40568 1.32E-1 

32981 8.65E-3 
39880 2.66E-2 
32313 1.48E-2 
50240 1.62E-1 

30000* - 

2.40 
7.98 
2.08 
2.73 
4.14 
5.41 
7,Ol 
3.15 

3.15 
2.95 
4.69 
13.00 
5.57 

5.05 
3.01 
7.39 
16.46 

- 

- 

- 
-1) 

ttt  n = number of observations 

F 
h 
LI 
4 
(D 
0 u 
4 
L- 

-184.35 
-282.59 
-184.30 
-278.11 
132.94 
123.80 

-1511.91 
-1626.10 
-8603.16 
-276.14 
-239.51 
169.80 
-987.72 
-233.90 
-42701.6 
-483.18 
-200.79 
-377.12 
-517.30 

51341 
68183 
47516 
71633 
-10764 
-5309 
297516 
321853 
1735752 
63473 
62253 

212141 
60668 

8456727 
105664 
56382 
85334 
116706 

-13879 

20.502 
32.337 
20.792 
31.502 
-17.290 
-16.447 
179.394 
192.942 
1019.0 
31.935 
27.155 
-21.843 
116.012 
26.660 
5071.8 
56.221 
22.457 
43.656 
60.246 

6.36E-3 
1.27E-2 
5.68E-3 
1.67E-2 
2.10E-2 
2.29E-2 
5.72E-3 
1.llE-2 
2.83E-2 
5.81E-3 
3.35E-2 
5.00E-2 
9.85E-2 
6.26E-2 
8.69E-2 
1.60E-3 
1.66E-2 
8.69E-3 
5.32E-2 

* 

1.94 12 
3.47 6 
1.42 6 
3.20 6 
3.91 14 
5.68 7 
3.91 5 
3.62 6 
3.97 18 
1.52 7 
1.10 12 
3.89 8 
5.30 11 
3.07 10 
15.8 17 
0.84 5 
1.84 6 
4.89 7 
4.46 8 

estimated 

U 
c 
U 
c 
0 

0 
m" 

x 
U 
d Lo 

0 

d 

N 
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RHEOLOGICAL PROPERTIES OF MOLTEN KILAUEA IKI BASALT CONTAINING SUSPENDED CRYSTALS 

H. C. Weed, F. J. Ryerson, and A. J. Piwinskii 

University of California, Lawrence Livermore National Laboratory 
Livermore, CA 94550 

INTRODUCTION 
In order to understand the flow behavior of molten silicates containing suspended 

crystals, we need to know the rheological behavior of the system as a function of volume 
fraction of the suspended crystalline phases at appropriate temperatures, oxygen 
fugacities and bulk compositions. This approach can be applied to magma transport 
during volcanic eruptions, large scale convective and mixing processes in magmatic 
systems, and fouling of internal boiler surfaces by coal ash slags in plants burning 
pulverized coal. 

a basalt from Kilauea Iki, Hawaii at 100 kPa total pressure. 
controlled by mixing CO and C02. 
fugacities corresponding to the high temperature extrapolation of quartz-fayalite- 
magnetite buffer (i.e. QFM, see Huebner (1)). 
iron-saturated, Pt-30% Rh, rotating-cup viscometer of the Couette type from 1250' to 
1150'C. 
1130'C; the oxygen fugacity is maintained by flowing CO/CO2 mixtures and is monitored 
by a Zr02 sensor cell. 
sequence are dictated by the sluggish kinetics encountered in this system. 

is given in Table 1: 

TABLE 1. 

EXPERIMENTAL METHODS 
We are currently determining the dynamic viscosity and crystallization sequence for 

The oxygen fugacity is 
The mixing proportions are chosen to yield oxygen 

Viscosities are being measured in an 

The temperature interval for the crystallization sequence ranges from 1270' to 

Low temperature limits on the investigated crystallization 

RESULTS 
The major element bulk composition of the starting material used in our experiments 

Analyses of Starting Material 

Oxide Kilauea Iki Shaw et. fi(2) 
Si02 46.29 50.14 

10.44 13.37 A1203 
MgO 17.90 8.20 
FeO* 

Fe203 
CaO 
Na20 

'2'5 

Ti02 
MnO 
TOTAL 

K20 

11.34 

8.49 
1.84 
0.22 
0.40 
1.89 
0.19 
99.90 

10.13 
1.21 
10.80 
2.32 
0.27 
0.53 
2.63 
0.17 

99.77 
*All iron as FeO - 
whole rock powder. The experimental results obtained at the $FM buffer are listed in 
Table 2. 
1240'and 1179'C; clinopyroxene and plagioclase feldspar crystallize at approximately 
1170'C. 

The crystallization experiments were carried out employin a specimen of Kilauea Iki 

Olivine and chrome spinel are the only crystalline phases which occur between 
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Approximately 30 weight per cent crystallization occurs between 1250' and 1180°C. 
liquid line of descent is characterized by a slight Si02, A1203 and alkali 
enrichment and an FeO and MgO depletion. 

The break in slope at approximately 117OoC, corresponds to the appearance of 
clinopyroxene and plagioclase feldspar (see Table 2). 

The 

The volume percentage of melt as a function of temperature is shown in Figure 1. 

TABLE 2. Results of Selected Kilauea Iki Liquidus Experiments 

Exp't Time Temp Experiment Vol x Wt x 
No. (Hrs) ("C) Products Me1 ta Me1 tb 
14 93.0 

9 189.5 

8 24.0 

10 290.0 

12 289.0 

13 364.0 

16 380.0 

19 400.0 

20 400.0 

1240 

1230 

1219 

1209 

1189 

1179 

1170 

1160 

1149 

olivine, chrome 
spinel, glass 
olivine, chrome 
spinel, glass 
olivine, chrome 
spinel, glass 
olivine, chrome 
spinel, glass 
olivine, chrome 
spinel, glass 
olivine, chrome 
spinel, glass 
olivine, chrome 
spinel, cl ino- 
pyroxene, pl ag i o -  
clase, glass 
olivine, chrome 
spinel, cl ino- 
pyroxene, plagio- 
clase, glass 
olivine, chrome 
spinel, clino- 
pyroxene, pl agio- 

71.8 78.1 

80. 2c 76.1 

77.3 74.8 

76.2 74.2 

63.8 72.5 

71.8 71.5 

69.6 68.5 

54.7 53.5 

clase, glass 40.7 49.8 

a) 
b) 

c) 

Volume percent o f  melt was determined by a 1000 point mode on metallograph. 
Weight percent of melt was determined by constrained least squares analysis of phase 
compositions. 
Volume percent glass was determined by 850 point mode on metallograph. 

This volume percentage of melt, V,, is given by Equations 1 and 2: 

V, (Ol+Chsp) = 0.157 T(OC) - 114.0, where T("C) 21170, 1) 

vm (Ol+Chsp+Cpx+Plag) = 1.36 T ("C) - 1522.7, where T ("C) 5 1170. 2) 

Extrapolation of Equation 1 to V, = 100 corresponds to T = 1360°C for the liquidus. 
Extrapolation of Equation 2 to V, = 0 yields T = 1119'C for the disappearance of liquid, 
the solidus temperature. 
The measured apparent viscosities of the Kilauea Iki molten basalt between 1250" and 

1150°C varied from 30 to 2000 Paas. Sigmoidal torque versus rotation speed curves were 
obtained at all investigated temperatures. The curves are linear at low rotation speeds, 
less than 0.4 revolutions/second, with a positive slope. This corresponds to Newtonian 
behavior. However, at higher rotation speeds, the curves are concave toward the rotation 
speed axis, indicating pseudoplastic behavior. This pseudoplastic behavior becomes more 
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pronounced a t  low temperature as t h e  volume per  cent  o f  suspended c r y s t a l s  increases. We 
have analyzed the  r e s u l t s  i n  terms o f  an extended t h e  power law i n d i c a t e d  by Equation 3: 

where T 

i s  g iven by Equation 4: 

i s  t h e  stress, and (s) t h e  s t r a i n  r a t e .  The apparent viscosity,! ,  YX 

F igu re  2 i s  a p l o t  o f  Equation 3 p o r t r a y i n g  experimental r e s u l t s  obta ined a t  t he  1236'C 
isotherm. 
t h e  same temperature. 
i s  comnon f o r  pseudoplast ic  l i q u i d s .  
vo, i s  ca l cu la ted  from Equation 3 as l o g  uo = A]. 

Log 
g i ven  i n p i g u r e  4 . The l o g  v i s c o s i t y  curves i l l u s t r a t e d  the re  show a sharp break i n  slope 
w i t h  decreasing temperature. Data above and below t h i s  break have been f i t t e d  by  l i m i t i n g  
s t r a i g h t  l i n e s  from which apparent a c t i v a t i o n  energies can be ca lcu lated.  
a c t i v a t i o n  energy i n  the  temperature . i n t e r v a l  1250O - 117OOC i s  65 + 30 k c a l  mol- . 
temperatures below 1170'C where apprec iab le c r y s t a l l i z a t i o n  occurs Tsee Table 2 and F igure 
1)  and t h e  system e x h i b i t s  s t r o n g l y  pseudoplast ic  behavior, t h e  apparent a c t i v a t i o n  energy 
i s  341 + 42 kca l  mol - l .  
a Hawaiian basa l t  s i m i l a r  t o  our K i lauea I k i  specimen (see Table 1 ) .  The general t r e n d  o f  
t h e  two se ts  o f  data i s  s i m i l a r ,  b u t  t h e  break i n  t h e  s lope o f  Shawls da ta  occurs a t  a 
lower temperature than i t  does i n  ours, presumably because of t h e  change f rom Newtonian t o  
pseudoplast ic  behavior i n  h i s  system. I n  both s tud ies,  t h e  break i n  the  s lope o f  t h e  
v i s c o s i t y  curves occurs a t  20 t o  30 volume percent  o f  suspended c r y s t a l s .  
non-Newtonian behavior o f  these molten s i l i c a t e  suspensions appears t o  a r i s e  from t h e  
i nc reas ing  volume o f  suspended c r y s t a l s  i n  the  mel t .  
f l o w  i n  s i l i c a t e  l i q u i d s ,  power law behavior should be considered when t h e  suspended 
c r y s t a l  volume exceeds 20 percent. 

F igu re  3 i s  a l og - log  p l o t  o f  apparent v i s c o s i t y  as a f u n c t i o n  o f  shear r a t e  a t  
The apparent v i s c o s i t y  decreases w i t h  i nc reas ing  shear ra te,  which 

The l o g  of t h e  v i s c o s i t y  a t  u n i t  shear ra te ,  l o g  

i s  p l o t t e d  as a f u n c t i o n  o f  r e c i p r o c a l  temperature i n  an Arrhenius diagram 

The ap a ren t  P For  

Also shown i n  F igu re  4 are t h e  r e s u l t s  o f  Shaw ( 3 )  obta ined on 

The 

This  suggests t h a t  i n  modeling f l u i d  
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Fig.  1. Volume percent  and weight  percent  me l t  as a f u n c t i o n  o f  temperature f o r  
K i lauea I k i  basa l t .  
by t h e  r i g h t  ord inate.  
percent m e l t  remain ing ( l e f t  ord inate) ,  ca l cu la ted  f rom weight percent 
data and d e n s i t i e s  o f  phases. 

The upper curve g i ves  weight percent mel t ,  i nd i ca ted  
Open symbols on the  lower curve g i ve  volume 

S o l i d  symbols are  f rom modal analyses. 
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a t  1236OC. 
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Fig. 3. Apparent viscosity of Kilauea I k i  basalt melt as a function o f  shear rate 
at 1236OC. 
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CRYSTALLISATION OF COAL ASH MELTS 

David P. Kalmanovitch and J .  Williamson+ 

Energy Research Labora to r i e s ,  CANMET, 555 Booth S t . ,  Ottawa, K l A  W1, Canada 
+Department of Metallurgy and, Ma te r i a l s  Science,  Imper ia l  College of Science and 
Technology, Pr ince  Consort Rd., South Kensington, London, SW7, England. 

The formation of a sh  d e p o s i t s  w i th in  p.f .  coa l - f i red  b o i l e r s  may cause  severe  re- 
duct ion  i n  heat t r a n s f e r  and thermal e f f i c i ency .  These depos i t s  vary i n  na ture  from 
f r i a b l e ,  s l i g h t l y  s i n t e r e d  fou l ing  t o  dense,  semi-vitreous s l ags .  U t i l i t y  b o i l e r  
des igners  and ope ra to r s  use a v a r i e t y  of methods (9) t o  a s c e r t a i n  var ious  design 
c r i t e r i a  or the  l i ke l ihood  of t h e  a s h  t o  form depos i t s  ( i t s  s lagging  o r  fou l ing  
propens i ty) .  The major technique  used is  t h e  s tandard  ash  fus ion  t e s t  (2) i n  which 
a cone or pyramid of c o a l  a sh  is heated a t  a given r a t e ,  both i n  a i r  and a mildly 
reducing atmosphere, whi le  t h e  temperatures a t  which va r ious  degrees  of deformation 
occur a r e  recorded. Th i s  method is  known t o  g ive  inaccura t e  ind ica t ions  of slagging 
propensity due mainly t o  t h e  s u b j e c t i v e  na ture  of t h e  test and t h e  f a c t  t h a t  t h e  
technique does no t  d u p l i c a t e  t h e  thermal h i s t o r y  experienced by c o a l  mat te r  i n  a 
p . f .  bo i l e r .  

Various l abora to ry  s t u d i e s ,  (5,6) have shown t h a t  s i g n i f i c a n t  fu s ion  of c o a l  
minera l  matter,  t h e  precursor  t o  a sh ,  occurs wi th in  a very  sho r t  time-frame a t  
temperatures analagous t o  those  i n  t h e  combustion zone of a b o i l e r  (about 1550-1650°C). 
This is confirmed by microscopica l  s t u d i e s  of p . f .  f l y  ash.  Despite t o t a l  f l i g h t  times 
of about 2s (6) and a tempera ture  g rad ien t  ranging from 165OOC t o  about 300°C t h e  
c h a r a c t e r i s t i c  na tu re  of f l y  ash ,  t h a t  of hollow cenospheres is due t o  t h e  presence of 
s i g n i f i c a n t  l i q u i d  phase a t  some s t a g e  of t he  p a r t i c l e s '  h i s t o r i e s .  This i s  f u r t h e r  
confirmed by minera logica l  s t u d i e s  of t h e  p a r t i c l e s  which sometimes r evea l s  the  
presence of a r e f r a c t o r y  phase which had c r y s t a l l i s e d  from a l i q u i d  and was not t h e  
product of thermal decomposition of an ind iv idua l  c o a l  minera l  ( 4 , 6 ) .  Raask has  
shown t h a t  the growth of d e p o s i t s  is by i n i t i a l  adhesion of f l y  ash  p a r t i c l e s  t o  the  
su r face  of depos i t s  a l r eady  p resen t .  This  adhesion is due t o  t h e  l i qu id  phase present  
and t h e  r a t e  of a s s i m i l a t i o n  of t he  captured p a r t i c l e  w i l l  be by s i n t e r i n g  by v iscous  
flow. From t h e  theory of s i n t e r i n g  (6) t he  r a t e  of i nc rease  i n  s t r e n g t h  (s) i . e .  
growth, of t he  depos i t  is given by: 

Where y is the  su r face  t ens ion  c o e f f i c i e n t  of t h e  v iscous  phase, k a cons tan t ,  r 
the  i n i t i a l  r ad ius  of t h e  p a r t i c l e s  and q t he  v i s c o s i t y  of t he  l i qu id .  It can be seen 
t h a t  t h e  nature of a d e p o s i t  can  be described by t h e  degree of s i n t e r i n g  which has 
taken place. 
r e spec t  t o  the  v a r i a b i l i t y  of t h e  v i s c o s i t y .  Therefore  t h e  f a c t o r s  which a fEec t  t he  
rheologica l  behaviour w i l l  determine t o  a g rea t  ex ten t  t h e  r a t e  of growth by v iscous  
flow. 
composition. Lauf has observed t h a t  t he  amount of f l y  a sh  p a r t i c l e s  co l l ec t ed  a t  t he  
o u t l e t  of var ious  b o i l e r s  was inve r se ly  propor t iona l  to t h e  ca l cu la t ed  v i s c o s i t y  
( tak ing  account of t he  d i f f e r e n t  a sh  conten ts  between the  parent c o a l s ) .  ( 4 )  The 
v i s c o s i t y  was ca l cu la t ed  by two methods based on t h e  chemical composition; those  of 
Watt and Fereday and Reid.  (7,8) The observa t ions  confirm the  v i s c o s i t y  r e l a t i o n  
above, a l b e i t  q u a l i t a t i v e l y  and the  assumption of complete mel t ing  of t h e  coa l  minera l  
mat te r .  
t i o n  of ash P a r t i c l e s  and/or  t h e  depos i t s  a l ready  present .  With d e v i t r i f i c a t i o n  of a 
phase from homogeneous m e l t  the  composition of t he  l i q u i d  phase w i l l  change depending 
on t h e  P rec ip i t a t ing  Phase and t h e  degree of c r y s t a l l i s a t i o n .  
d i r e c t l y  a f f e c t  t h e  v i s c o s i t y  and hence the  r a t e  of growth of t h e  depos i t s .  

For a g iven  c o a l  a s h  t h e  parameters r and y a r e  e f f e c t i v e l y  cons tan t  with 

For homogeneous melts t h e  determining f a c t o r s  a r e  temperature and chemical 

A f a c t o r  which has  not rece ived  a t t e n t i o n  i n  t h e  l i t e r a t u r e  i s  t h e  c r y s t a l l i s a -  

This  i n  t u r n  w i l l  
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I 

subjected t o  a series of c r y s t a l l i s a t i o n  t rea tments  w i t h i n  t h e  reducing atmosphere. 
The quenched samples were analysed f o r  phases present  by X-ray d i f f r a c t i o n  and for 
t h e  r a t i o  of f e r r o u s  t o  f e r r i c  i r o n  by a w e t  chemical technique. 

The major observa t ion  of t h e  c r y s t a l l i s a t i o n  s tudy  of t h e  a s h  m e l t s  was t h a t  t h e  
phase or phases which were p r e c i p i t a t e d  contained only  t h e  predominant components, 
t h e  minor components remaining i n  t h e  l i q u i d  phase. Another observa t ion  was t h e  re- 
luc tance  of t h e  mel t  t o  crystall ise t o  t h e  expected number of phases; 
(CaO.Al203.2SiO2) w a s  determined t o  c r y s t a l l i s e  f o r  t h e  two western t y p e  a s h e s  and 
m u l l i t e  (3A1203.2Si02) a s  t h e  primary phase w i t h  a secondary phase of i r o n  s p i n e l ;  
a member of t h e  s o l i d  s o l u t i o n  s e r i e s  magnet i te  (Fe0.Fe203) - h e r c y n i t e  (Fe0.A1203), 
only f o r  the  e a s t e r n  type ash.  

o n l y  a n o r t h i t e  

The c r y s t a l l i s a t i o n  of t h e  t e r n a r y  compositions is d iscussed  w i t h  r e s p e c t  t o  
t h a t  predicted f o r  each from t h e  phase diagram f o r  t h e  system. The normalized 
t e r n a r y  compositions of t h e  two western type ashes  were p l o t t e d  on t h e  phase diagram 
and t h e  observed c r y s t a l l i s a t i o n  compared wi th  t h a t  p red ic ted  from t h e  diagram and 
t h e  behaviour of t h e  model compositions.  The system was found not  t o  be  a b l e  t o  
c o r r e c t l y  p r e d i c t  t h e  primary c r y s t a l l i n e  phase f o r  one of t h e  two a s h e s  but  could 
account f o r  t h e  c r y s t a l l i s a t i o n  of a n o r t h i t e  on ly  f o r  t h e  o ther  ash .  

As quaternary systems are q u i t e  complex both t h e  r e p r e s e n t a t i o n  and c r y s t a l l i -  
s a t i o n  of compositions are discussed  i n  the  p r e s e n t a t i o n .  Planes of c o n s t a n t  MgO 
content  was used a s  t h e  method of r e p r e s e n t a t i o n  of t h e  CaO-MgO-Al203-SiO2, with 
p lanes  a t  5, 10 and 1 5  wtX prepared from l i t e r a t u r e  sources  and r e s u l t s  of t h i s  
s tudy  (3).  The observed c r y s t a l l i s a t i o n  of t h e  g l a s s e s  s tud ied  i s  d iscussed  i n  terms 
of t h e  equilibrium system, a s t r i k i n g  observa t ion  being t h e  apparent low s o l u b i l i t y  
of magnesia i n  t h e  compositions s t u d i e d ;  a magnesia bear ing  phase p r e c i p i t a t i n g  f o r  
n e a r l y  a l l  the  g l a s s e s  a s  primary or secondary phase. The corresponding normalised 
composition of t h e  western type a s h e s  were p l o t t e d  on t h e  5% plane  and t h e  observed 
behaviour compared wi th  t h e  pred ic ted  c r y s t a l l i s a t i o n  behaviour. A s  w i t h  t h e  
t e r n a r y  system t h e  four-component system only c o r r e c t l y  pred ic ted  t h e  primary 
c r y s t a l l i n e  phase f o r  one of t h e  ashes .  Also t h e  system would p r e d i c t  t h a t  a 
secondary phase conta in ing  magnesia would be expected t o  c r y s t a l l i s e ;  behaviour which 
was not  observed. 

The true r e p r e s e n t a t i o n  of t h e  system CaO-Al203-SiO2-iron oxide  is a s  a quinary 
system which is t o o  complex f o r  normal a n a l y s i s .  The r e s u l t s  of t h e  f e r r o u s  t o  
f e r r i c  r a t i o  of t h e  quenched samples showed s i g n i f i c a n t  amount of f e r r i c  i r o n  present .  
For tuna te ly  a n a l y s i s  of t h e  c r y s t a l l i n e  phases shows t h a t  predominantly t h e  f e r r o u s  
i r o n  is taken up by t h e  i r o n  bear ing  phase ( t h e r e  was some evidence of s o l i d  s o l u t i o n  
of f e r r i c  i ron  i n  t h e  i r o n  s p i n e l  phase) and t h e r e f o r e  t h e  system could be approx- 
imated by the  qua ternary  System Ca0-Fe0-A1203-Si02. 
(5-30 w t %  a t  5% increments) have been prepared from l i t e r a t u r e  sources  and t h e  re- 
s u l t s  of the  c r y s t a l l i s a t i o n  s t u d i e s  of t h e  g l a s s e s  a r e  discussed i n  terms of t h e  
system. Unlike t h e  quaternary system above t h e  i r o n  oxide remains i n  s o l u t i o n  com- 
pared wi th  magnesia. This would be pred ic ted  from t h e  p lanes  of t h e  system and was 
observed i n  t h e  c r y s t a l l i s a t i o n  s t u d i e s ;  no primary phase conta in ing  i r o n  oxide was 
determined even f o r  t h e  g l a s s e s  conta in ing  20 w t %  equiva len t  FeO. 
ing  normalised composition of t h e  t h r e e  a s h e s  ( i r o n  oxide expressed as equiva len t  
FeO) was p lo t ted  on t h e  r e l e v a n t  p lane  of t h e  system and t h e  observed behaviour 
compared with t h a t  p red ic ted  from t h e  phase diagram and t h e  behaviour of t h e  model 
compositions. 
t h e  ashes  and could account f o r  t h e  c r y s t a l l i s a t i o n  of a n o r t h i t e  on ly  f o r  t h e  two 
western type ashes.  
of i r o n  s p i n e l  a s  t h e  secondary phase f o r  t h e  e a s t e r n  t y p e  ash  a n a l y s i s  of t h e  

Planes of c o n s t a n t  FeO content  

The correspond- 

The system c o r r e c t l y  pred ic ted  t h e  p r i m a r y  c r y s t a l l i n e  phase f o r  a l l  

While i n i t i a l l y  t h e  system could not  p r e d i c t  t h e  c r y s t a l l i s a t i o n  
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Thus it w i l l  be of g r e a t  va lue  t o  be a b l e  t o  p red ic t  t o  some ex ten t  t h e  c r y s t a l -  
l i s a t i o n  behaviour of c o a l  a sh  me l t s .  For s i m p l i c i t y  i t  is i n i t i a l l y  necessary t o  
cons ider  t h a t  t he  c r y s t a l l i s a t i o n  w i l l  be from a homogeneous melt. The d a t a  ob- 
ta ined  can be extended t o  t h e  phenomena of b o i l e r  depos i t s  by us ing  an  accu ra t e  
model of v i s c o s i t y  of a sh  m e l t s  based on chemical composition. 
s tudy  presented here was t o  ob ta in  r e l evan t  c r y s t a l l i s a t i o n  da ta  of c o a l  ashes  and 
t o  model t he  behaviour so  as t o  be  a b l e  t o  p r e d i c t  t h e  d e v i t r i f i c a t i o n  of a given 
ash .  Coal a s h  is  usua l ly  descr ibed  as a mixture  of up t o  11 oxide components and 
though var ious  i n v e s t i g a t o r s  (1) have attempted t o  s impl i fy  t h e  system by us ing  
c e r t a i n  equivalences the  au tho r s  have chosen t o  use  t h e  major t h r e e  or  four  
components t o  model t h e  observed behaviour.  

The main aim of t he  

For eas t e rn  type  c o a l  a shes  t h e  major components a r e  s i l i c a ,  alumina, i r o n  oxide 
and l ime, whereas f o r  wes te rn  type  ashes  t h e  major components a r e  s i l i c a ,  alumina, lime 
and i r o n  oxide or magnesia. 
t o t a l  composition of t h e  a s h .  Sanyal and Williamson have shown t h a t  t h e  i n i t i a l  
c r y s t a l l i s a t i o n  of two wes tern  type  ashes  of low i r o n  oxide conten t  (5% or  l e s s )  
could be descr ibed  by the  normalised composition on t h e  t e rna ry  equi l ibr ium diagram 
of t h e  system CaC-Al203-Si02. The study presented  he re  has  extended t h e  inves t iga-  
t i o n  t o  the d e v i t r i f i c a t i o n  of e a s t e r n  type  a sh  a s  w e l l  a s  two western type ashes  
and t h e  c r y s t a l l i s a t i o n  of model compositions corresponding t o  t h e  normalised compo- 
s i t i o n s  of coa l  ashes.  The systems s tudied  were; CaO-Al203-Si02, CaO-MgO-Al203-Si02 
and Ca0-A1203-Si02-iron oxide ,  t o  a s c e r t a i n  which system or  systems govern t h e  be- 
haviour most adequately.  

In both cases  these  may comprise 90 w t %  o r  more of t he  

The c r y s t a l l i s a t i o n  of t h r e e  c o a l  ashes  (two western and one e a s t e r n  type) was 
determined under l abora to ry  cond i t ions  by fus ing  a sample i n  an e l e c t r i c  muff le  
furnace t o  achieve complete mel t ing  of t h e  c o a l  minera ls .  D e v i t r i f i c a t i o n  w a s  
induced by reducing t h e  tempera ture  t o  a g iven  l e v e l  and leaving  the  sample f o r  a 
given time. The sample w a s  then quenched, e f f e c t i v e l y  f r eez ing  t h e  phases present  
a t  t h e  e leva ted  tempera tures .  The sample was analysed by pe t rographic  microscopy 
and X-ray d i f f r a c t i o n .  The t rea tment  was repeated over a range of temperatures and 
t imes f o r  each sample. 

For the study of t he  c r y s t a l l i s a t i o n  of t he  model compositions f i v e  t e rna ry  
CaO, A1203 and Si02 compositions w e r e  chosen which were expected t o  exh ib i t  d i f f e r e n t  
behaviour (from the  cor responding  phase diagram) while being i n  t h e  compositional 
reg ion  r e l evan t  t o  c o a l  a shes .  
co r rec t  mixture of t h e  oxide  components. The c r y s t a l l i s a t i o n  of t h e  g l a s ses  was 
determined in an analagous manner t o  t h a t  used f o r  t h e  a sh  m e l t s .  The same f i v e  
compositions were used a s  t h e  b a s i s  f o r  t h e  s tudy  of t he  c r y s t a l l i s a t i o n  of t h e  
system CaO-MgO-Al203-SiO2. 
t e rna ry  compositions wi th  5 and 10 w t %  MgO respec t ive ly .  
t he  l i qu idus  and c r y s t a l l i s a t i o n  behaviour determined by a quenching technique. 

Homogenous g l a s ses  were produced by fus ing  t h e  

Two series of compositions were prepared based on the  
Glasses  were produced and 

A s  i ron  oxide e x i s t s  in two ox ida t ion  s t a t e s  ( f e r rous  and f e r r i c )  i n  p . f .  a s h  
depos i t s  it w a s  necessary t o  s tudy  t h e  c r y s t a l l i s a t i o n  of g l a s s e s  i n  t h e  system 
CaO-Al203-Si02-iron oxide i n  a con t ro l l ed  atmosphere; t he  same a s  t h a t  used i n  t h e  
reducing par t  of t he  s t anda rd  ash  fush ion  t e s t  i .e .  C02:Hz mix ture  1:l v/v.  
range of i ron  oxide con ten t  i n  c o a l  ashes i s  wider than  t h a t  of magnesia and hence 
g l a s s e s  were prepared wi th  up t o  20 w t Z  equiva len t  FeO. 
produced based on t h e  f i v e  t e rna ry  compositions wi th  5 and 10  w t %  equiva len t  FeO 
wi th  another two series of g l a s s e s  based on t h r e e  of t h e  f i v e  composition wi th  15  
and 2 0  w t X  equiva len t  FeO. The g l a s s e s  were ground t o  a f i n e  powder and each was 

The 

Two s e r i e s  of g l a s s e s  were 
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r e s u l t s  of t h e  model compositions ind ica ted  that f e r r i c  i ron  present  i n  t h e  l i q u i d  
phase reduced the  s o l u b i l i t y  of i r o n  oxide which could account f o r  t h e  behaviour.  

CONCLUSIONS 

Therefore t h e  system CaO-FeO-Al203-SiO2, governs t h e  i n i t i a l  c r y s t a l l i s a t i o n  of 

The 
t h e  a sh  melts s tud ied .  
c r y s t a l l i s a t i o n  of a sh  m e l t s  and r e l a t e  t h e  behaviour t o  b o i l e r  depos i t  growth. 
phases present  i n  s i x  b o i l e r  depos i t s  are compared wi th  t h a t  p red ic ted  from t h e  
corresponding normalised composition i n  the  p re sen ta t ion  and shows t h a t  f o r  a l l  
s i x  ( t h r e e  western and t h r e e  eas t e rn  type) t h e  qua ternary  system p r e d i c t s  t h e  primary 
phase. Furthermore the  change i n  composition of t h e  l i q u i d  phase f o r  two of t he  
ashes  (one s lagging  the  o the r  non-slagging) f o r  a range of degrees  of c r y s t a l l i s a t i o n  
shows a g r e a t  d i f f e rence  i n  terms of t h e  r e l a t i v e  concent ra t ion  of t h e  components 
which govern v i scos i ty .  While t h e  l i q u i d  phase f o r  t he  non-slagging a s h  became 
enriched predominantly i n  s i l i c a  ( the  major v i scos i ty - inc reas ing  component) t h e  
s lagging  ash  became enriched i n  v i s c o s i t y  reducing components. 
t o  t h e  model of depos i t  growth d iscussed  above and i s  a conf i rmat ion  of t h e  model. 

The major aim of t h i s  s tudy  was t o  be  a b l e  t o  p r e d i c t  t h e  

This  relates d i r e c t l y  

The r e s u l t s  of t he  s tudy  presented i n d i c a t e  the  use of phase e q u i l i b r i a  da t a  t o  
be phenomena of p . f .  b o i l e r  depos i t s  and t h e  poss ib l e  ex tens ion  t o  t h e  p red ic t ion  of 
b o i l e r  fou l ing  and s lagging .  
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THERMAL CONDUCTIVITY AND HEAT TRANSFER I N  COAL SLAGS 

K C MILLS 

National Phys ica l  Laboratory,  Teddington, Middlesex, T W l l  OLW, UK 

1. INTRODUCTION 

During t h e  g a s i f i c a t i o n  of c o a l ,  b o t h  molten and s o l i d  s l a g s  are formed i n  t h e  
c o n v e r t e r ,  and t h e  h e a t  t r a n s f e r  wi th in  t h e  g a s i f i c a t i o n  chamber is governed 
t o  a l a r g e  e x t e n t  by t h e  thermal p r o p e r t i e s  o f  t h e  s l a g  phase. Thus i n  o r d e r  t o  
c a r r y  out  e i t h e r  h e a t  ba lance  or modelling c a l c u l a t i o n s  it is necessary  t o  have 
r e l i a b l e  da ta  for t h e  thermal  p r o p e r t i e s  of  bo th  s o l i d  and l i q u i d  c o a l  s l a g s .  
However, t h e  thermal t r a n s f e r  mechanisms i n  h igh  temperature processes  involv ing  
slags a r e  exceedingly  complex s i n c e  hea t  can be t r a n s p o r t e d  by convec t ion ,  r a d i -  
a t i o n  and thermal conduct ion .  The t o t a l  thermal c o n d u c t i v i t y  (kef f )  is, i n  t u r n ,  
made up from c o n t r i b u t i o n s  from ( i )  the  thermal ("phonon") c o n d u c t i v i t y ,  kc ,  ( i i)  
r a d i a t i o n  c o n d u c t i v i t y ,  kR and (iii) e l e c t r o n i c  c o n d u c t i v i t y ,  k e l .  Heat balance 
c a l c u l a t i o n s  must t a k e  account  o f  a l l  t h e s e  thermal t r a n s p o r t  mechanisms; con- 
sequent ly  it is necessary  t o  s t u d y  t h e  e f f e c t s  of t h e  v a r i o u s  mechanisms f o r  n o t  
on ly  do they  determine t h e  h e a t  t r a n s f e r  i n  t h e  g a s i f i e r ,  b u t  they  can a l s o  
c r i t i c a l l y  a f f e c t  t h e  exper imenta l  v a l u e s  der ived  for  t h e  thermal c o n d u c t i v i t y  o f  
t h e  s l a g .  Hence t h e  f a c t o r s  a f f e c t i n g  t h e  thermal c o n d u c t i v i t y  of  s l a g s  w i l l  be 
examined and t h e i r  e f f e c t  on t h e  var ious  methods a v a i l a b l e  f o r  t h e  measurement of  
thermal c o n d u c t i v i t i e s  w i l l  be assessed .  F i n a l l y ,  experimental  d a t a  f o r  t h e  
thermal c o n d u c t i v i t y  of  s l a g s ,  g l a s s e s  and magmas w i l l  be eva lua ted  t o  provide a 
r e l i a b l e  d a t a  base for t h e  thermal c o n d u c t i v i t y  of  s l a g s ,  and t o  determine t h e  
l i k e l y  e f f e c t s  o f  v a r i a t i o n s  i n  chemical composition upon va lues  f o r  c o a l  s l a g s .  

2. THERMAL CONDUCTION MECHANISMS 

2 . 1  Thermal "phonon" c o n d u c t i v i t y  ( k c )  

Heat is t r a n s f e r r e d  through a medium by phonons, which a r e  quanta of energy assoc- 
i a t e d  with each mode of v i b r a t i o n  i n  t h e  sample. This mode of conduction is thus  
r e f e r r e d  t o  as  thermal ,  phonon or l a t t i c e  conduction. S c a t t e r i n g  of t h e  phonons 
causes  a decrease  i n  t h e  thermal c o n d u c t i v i t y  and hence t h e  c o n d u c t i v i t y  is  sens- 
i t i v e  t o  t h e  s t r u c t u r e  of t h e  sample.  S c a t t e r i n g  of t h e  phonons can occur by 
c o l l i s i o n s  o f  t h e  phonons with one another ,  or by impact with g r a i n  boundaries or 
c r y s t a l  imperfec t ions ,  s u c h  a s  p o r e s .  Thus a low-density,  highly-porous m a t e r i a l  
w i l l  have a low thermal c o n d u c t i v i t y .  I n  g l a s s y ,  n o n - c r y s t a l l i n e  m a t e r i a l s . i t  has  
been suggested (1) t h a t  thermal c o n d u c t i v i t y  decreases  as t h e  d i s o r d e r i n g  of t h e  
s i l i c a t e  network i n c r e a s e s .  

2 .2  Radia t ion  c o n d u c t i v i t y  (kR) 

Measurements OF t h e  thermal conduct iv i ty  of  g l a s s e s  .were found t o  be dependent upon 
t h e  th ickness  of t h e  specimens used ,  and t h i s  is shown i n  F igure  1. This behaviour 
was ascr ibed  t o  t h e  c o n t r i b u t i o n  from r a d i a t i o n  c o n d u c t i v i t y ,  kR,  which can occur 
i n  semi- t ransparent  media l i k e  s l a g s  and g l a s s e s .  
by a mechanism involv ing  absorp t ion  and emi t tance  o f  r a d i a n t  energy by var ious  
s e c t i o n s  through t h e  medium. Consider a t h i n  s e c t i o n  i n  t h e  s l a g ,  r a d i a n t  energy 
absorbed by t h e  s e c t i o n  w i l l  cause  it t o  i n c r e a s e  i n  temperature and consequently 
r a d i a n t  h e a t  w i l l  b e  e m i t t e d  t o  c o o l e r  s e c t i o n s .  
through the  medium and it i s  obvious t h a t  t h e  energy t r a n s f e r r e d  i n  t h i s  way w i l l  
i n c r e a s e  with i n c r e a s i n g  number of s e c t i o n s  ( i e  i n c r e a s i n g  t h i c k n e s s )  u n t i l  t h e  
P o i n t  where kR a t t a i n s  a c o n s t a n t  value.  
" o p t i c a l l y  t h i c k " ,  and t h i s  i s  u s u a l l y  cons idered  t o  occur wheno(d23.5 ,  where o( 
and d a r e  t h e  a b s o r p t i o n  c o e f f i c i e n t  and t h i c k n e s s  of t h e  s l a g ,  r e s p e c t i v e l y .  

Radia t ion  c o n d u c t i v i t y  occurs 

This  process  can occur  r i g h t  

A t  t h i s  p o i n t  t h e  s l a g  is s a i d  t o  be 
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At high temperatures,radiation conductivity can be the predominant mode of con- 
duction, eg in glassmaking more than 90% of the total conductivity occurs by 
radiation conduction. 
optically-thick sample if steady-state conditions apply and if it is assumed that 
the absorption coefficient of the medium,&, is independent of wavelength, h, ie 
grey-body conditions obtain. For these conditions kR can be calculated by use of 
equation l), whereto' and n are the Stefan-Boltzmann constant and refractive index, 
respectively. 

The radiation conductivity can be calculated for an 

kR = 16@n2 T3 
3a . 

1) 

Values of kR cannot be calculated for optically-thin samples (Cld(3.5) and for some 
measurement techniques involving non-steady state conditions. Thus it is obvious 
that reliable values of thermal conductivity can only be obtained when either kR 
is negligible, or where it can be calculated reliably for optically-thick conditions. 

Absorption coefficient ( a ( )  

The absorption coefficient is a very important parameter, as it determines (i) the 
magnitude of kR (eqiiation 1) and (ii) the thickness at which a slag becomes 
optically thick (e 23.5). Hence increasing* has the effect of decreasing kR and 
decreasing the dept at which a slag becomes optically thick. 
sample were optically thin, these two factors would operate in opposition to one 
another. 

The absorption coefficient is markedly dependent upon the amounts of FeO and M n O  
present in the slag (2); although Fe203 absorbs infra-red radiation, its effect on 
(xis much less pronounced than that of FeO. An empirical rule has been derived(2) 
for glasses containing less than 5% FeO, the absorption coefficient at room temp- 
erature is given by the relationship,a= 11. ( %  FeO). 

A basic assumption adopted in deriving equation 1) was thatd was independent of 
wavelength; however, in practice the spectral absorption coefficient (a,) varies 
with the wavelength (X, as shown in Figure 2 for a glass containing ca. 5% FeO(3). 
It can be seen from this figure that there is strong absorption by FeO at ca. l p m  
and by Si02 at ca. 4.4pm. At high temperatures this restricts absorption by the 
slag to a "window", in the wavelength range 1-4.4pm. 
wavelength band there is some variation in& 
pCm, is determined by weighting of thed valbes. 

The average absorption coefficient,#,, can be affected by temperature in two differ- 
ent ways. Firstly,the absorption spectrum,ie. ( O C  ) ,  can change markedly with temper- 
ature and consequently alter the value of%,. 
spectrum is unaffected by ternperature,d, would continue to be a function of temper- 
ature because the wavelength distribution used in deriving#, is itself a function 
of temperature. This can be seen in Figure 3 where the fraction of total energy 
emitted in the "window" 1-4.4p constitutes 61.1%, 79.5% and 81.9% of the total 
energy emitted at 1073K, 1573K and 1773K, respectively. In a similar manner, the 
various o( values of the spectrum will have to be weighted differently in the cal- 
culation holm for the three temperatures in question. 
It can be seen from Figure 2 thatu. increases with increasing temperature, and 
similar behaviour has been observed in rocks and minerals (4,586). By contrast, 
the absorption coefficients (a,) of amber glass have been found to decrease with 
increasing temperature. 

If a particular slag 

However, even within this 
and the average absorption coefficient, x 

a. 

A Secondly, even if the absorption 

Extinction coefficient (E) 

In solids, radiant energy can be scattered by grain boundaries, pores and cracks 
in the material. 
(E) which is given by the relationship E =a + s, where s is the scattering co- 
efficient. 

In these cases, it is necessary to use the extinction coefficient 
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2.3 E l e c t r o n i c  c o n d u c t i v i t y  ( k e l l  

It h a s  been r e p o r t e d  t h a t  g l a s s e s  which c o n t a i n  s i g n i f i c a n t  concent ra t ions  of  Fez+ 
ions  behave i n  a similar manner t o  semi-conductors and hence thermal conduction v i a  
conduction e l e c t r o n s ,  h o l e s ,  e tc .  could be s i g n i f i c a n t ,  accord ing  t o  F i r ~ e e t ( ~ ) .  
L i t t l e  is  known of t h i s  mechanism i n  r e l a t i o n  t o  t h e  h e a t  t r a n s f e r  i n  s l a g s  and 
consequently t h e  c o n t r i b u t i o n  of  ke l  to t h e  measured thermal c o n d u c t i v i t i e s  has  been 
ignored i n  t h i s  review. 

2.4 Tota l  thermal c o n d u c t i v i t y  ( k e r f )  

I n  p r a c t i c e ,  t h e  r a d i a t i o n  and conduction c o n t r i b u t i o n s  t o  t h e  h e a t  f l u x  (Q) a r e  
i n t e r a c t i v e ,  and t h e  i n t e r p r e t a t i o n  of t h e  combined conduct ive- rad ia t ive  h e a t  t rans-  
f e r  i s  exceedingly complex. Various models have t h e r e f o r e  been proposed t o  s impl i fy  
t h e  theory of  t h e  h e a t  t r a n s f e r  process .  One widely-used model is t h e  d i f f u s i o n  
approximation which assumes t h a t  t h e  h e a t  f l u x  (9) is g iven  by equat ion  Z), where 
keff is t h e  e f f e c t i v e  thermal c o n d u c t i v i t y  and is def ined  by equat ion  3),where x i s  t h e  
d i s t a n c e .  
( i )  kR is  smal l  and ( i i ) d d ) 8 .  

Gardon (8) has  poin ted  o u t  t h a t  t h i s  model on ly  a p p l i e s  s t r i c t l y  when 

3. EXPERIMENTAL METHODS FOR DETERMINING THERMAL CONDUCTIVITY 

The experimental  methods a v a i l a b l e  f o r  measuring thermal c o n d u c t i v i t i e s  a r e  sum- 
marised below; more d e t d e d  reviews of t h e  experimental  t echniques  a r e  a v a i l a b l e  
elsewhere (3,9!10?11). 
s teady-s ta te  methods, ( ii) non-steady s t a t e  methods, and (iii) i n d i r e c t  methods 
for t h e  de te rmina t ion  of kR. 
and t h e  non-steady s t a t e  techniques  u s u a l l y  produce thermal d i f f u s i v i t y  ( a e f f )  
va lueqwhich  can  be converted t o  thermal c o n d u c t i v i t y  v a l u e s  by use  of equat ion  4 1 ,  
where e and Cp a r e  t h e  d e n s i t y  and hea t  c a p a c i t y  of t h e  slag. 

The techniques can  be d iv ided  i n t o  t h r e e  c l a s s e s :  ( i )  

The s t e a d y - s t a t e  methods u s u a l l y  y i e l d  keff Values 

k = a .  C p . e  4 )  

3.1 Steady-s ta te  methods 

These methods a l l  y i e l d  keff v a l u e s  provided t h a t  t h e  specimen is o p t i c a l l y  t h i c k .  

I n  t h e  l i n e a r  heat-flow method two disc-shaped specimens a r e  p laced  on e i t h e r  s i d e  
of a n  e l e c t r i c a l l y - h e a t e d  p l a t e  and t h e  tempera ture  p r o f i l e s  a c r o s s  t h e  samples 
a r e  monitored by thermocouples s i t e d  on both  f a c e s  of t h e  specimens. The appara tus  
i s  w e l l  i n s u l a t e d  t o  minimise h e a t  l o s s e s .  
t o t a l  h e a t  f l u x e s  pass ing  through t h e  samples a r e  determined by c a l o r i m e t e r s  i n  
c o n t a c t  with t h e  specimens. When high-temperature measurements are r e q u i r e d ,  t h i s  
technique is u s u a l l y  opera ted  as a comparative method ( 1 2 ) .  

I n  t h e  r a d i a l  heat-flow method t h e  specimen is i n  t h e  shape of  a hollow c y l i n d e r ,  
which is s i t e d  i n  t h e  annulus  between two c o a x i a l  c y l i n d e r s  wi th  t h e  i n t e r n a l  
c y l i n d e r  a c t i n g  as a r a d i a l  hea t  source (13). The temperature p r o f i l e  a c r o s s  t h e  
specimen is  determined by thermocouples p laced  on t h e  i n s i d e  walls of  t h e  two 
c y l i n d e r s .  This method r e q u i r e s  a l a r g e  i so thermal  zone i n  t h e  furnace ,  which is 
d i f f i c u l t  t o  achieve  a t  h i g h  temperatures.  When t h i s  technique is used f o r  measure- 
ments on l i q u i d s  it i s  prone  t o  e r r o r s  from convect ive  h e a t  t r a n s f e r .  

I n  some v e r s i o n s  of t h i s  method, t h e  

3.2 Non-steady s ta te  methods 

I n  t h e  r a d i a l  wave method t h e  s l a g  i s  p laced  i n  a c y l i n d r i c a l  c r u c i b l e  s i t e d  i n  
t h e  i so thermal  zone of  a furnace ,  and thermocouples a r e  l o c a t e d  on t h e  w a l l s  and 
along t h e  geometric a x i s  of t h e  c r u c i b l e  ( t h e  s l a g ) .  The o u t s i d e  wal l  o f  t h e  
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of t h e  Crucible is  t h e n  s u b j e c t e d  t o  a s i n u s o i d a l  v a r i a t i o n  of  tempera ture  and t h e  
v a r i a t i o n  i n  temperature of t h e  c e n t r a l  thermocouple is monitored. 
s h i f t  between t h e  i n p u t  and output  which is r e l a t e d  t o  t h e  thermal d i f f u s i v i t y  of  
t h e  S lag .  
t h e  p e r i o d i c  v a r i a t i o n  i n  temperature is produced i n  a wire running a long  t h e  c e n t r a l  
a x i s  Of the  c y l i n d r i c a l  c r u c i b l e ,  and t h e  phase s h i f t  is measured i n  t h e  s i g n a l  of 
t h e  thermocouples s i t e d  on t h e  w a l l s  of t h e  c r u c i b l e .  The thermal d i f f u s i v i t y  va lues  
obtained with t h i s  method may be vulnerable  t o  e r r o r s  a r i s i n g  from convect ive  h e a t  
t r a n s f e r .  

In  t h e  modulated beam method t h e  specimen is i n t h e  form of a d i s c ,  which i s  rnain- 
t a i n e d  a t a c o n s t a n t  tempera ture ,  w h i l s t  t h e  f r o n t  face  of t h e  d i s c  is s u b j e c t e d  t o  
a l a s e r  beam which produces a p e r i o d i c  v a r i a t i o n  i n  temperature of c o n s t a n t  
frequency. The phase s h i f t  between t h i s  i n p u t  a n d t h e s i g ' n a l  from a tempera ture  
Sensor i n  c o n t a c t  wi th  t h e  back f a c e  is determined. By c a r r y i n g  o u t  measurements 
a t  two or more f requencies ,  Schatz and ~ immons(6)  were a b l e  t o  d e r i v e  va lues  of  
both aeff and t h e  e x t i n c t i o n  c o e f f i c i e n t .  
ments i n  l i q u i d s ,  it t o o  would be prone t o  e r r o r s  caused by convec t ion .  

The l a s e r  p u l s e  
specimen coated with m e t a l l i c  films on both p lanar  sur faces .  A l a s e r  p u l s e  i s  
d i r e c t e d  on t o  t h e  f r o n t  f a c e  of t h e  specimen and t h e  temperature o f  t h e  back face 
is  monitored cont inuous ly .  The maximum temperature r i s e  of t h e  back f a c e  (ATmax) 
u s u a l l y  occurs a f t e r  ca .  10 seconds,  and aeff may be computed from t h e  time taken  
( t 0 . 5 )  f o r  t h e  back f a c e  t o  a t t a i n  a temperature r i s e  of (0.5 ATmax). The method 
has  a l s o  been a p p l i e d  t o  measurements on l i q u i d  slags(15*17) which were conta ined  
i n  A1203 or BN c r u c i b l e s .  The major advantage of t h i s  technique is t h a t  t h e  s h o r t  
d u r a t i o n  of t h e  experiment minimises t h e  e r r o r s  due t o  convection. The major d i s -  
advantage is t h a t  t h e  maximum specimen th ickness  is about  4 mm. and consequent ly  
o p t i c a l l y - t h i c k  condi t ions  only  apply when t h e  e x t i n c t i o n  c o e f f i c i e n t  i s  g r e a t e r  
than  9 cm-l. A second disadvantage is t h a t  t h e  l a s e r  pu lse  method is a t r a n s i e n t  
technique and kR cannot be c a l c u l a t e d  by equat ion  l), which is a p p l i c a b l e  to  s teady-  
s ta te  condi t ions ;  a t  t h e  p r e s e n t  t ime no formulae e x i s t  f o r  t h e  c a l c u l a t i o n  of kR 
f o r  t h i s  method. Thus t h i s  technique is most u s e f u l  when appl ied  t o  specimens 
which have ( i )  very small v a l u e s  o f a d  ( i e  &d<(3.5) where a e f f v  a,, or ( i i )  l a r g e  
e x t i n c t i o n  c o e f f i c i e n t s  where kR is n e g l i g i b l e  and thus  aeff = a,. 

The l i n e  source  method is a l s o  a t r a n s i e n t  technique and is t h e  s tandard  method f o r  
measuring t h e  thermal c o n d u c t i v i t i e s  of l i q u i d s  a t  lower temperatures.  I n  t h e  
high-temperature vers ions ,  t h i s  method c o n s i s t s  of a f i n e  P t  wire ( c a .  0 . 1  mm d i a )  
which is s i t e d  c e n t r a l l y  i n  a c r u c i b l e  o f  molten s l a g .  This wire a c t s  a s  bo th  
h e a t i n g  element and temperature s e n s o r .  When an AC or DC c u r r e n t  is a p p l i e d  t o  
t h e  wire ,  t h e  temperature r i s e  of  t h e  wire (AT) is monitored cont inuous ly  d u r i n g  
t h e  hea t ing  per iod  (ca.  1 second) .  A l i n e a r  r e l a t i o n s h i p  e x i s t s  between AT and 
I n  ( t i m e ) ,  t h e  s l o p e  of  which i s  p r o p o r t i o n a l  t o  ( l / k ) .  This method has  t h e  
advantage t h a t  convec t iona l  h e a t  t r a n s f e r  is e l imina ted  ( i f  convection does occur 
it r e s u l t s  i n  a non-linear AT-ln ( t i m e )  p l o t  and can therefore  be r e a d i l y  d e t e c t e d ) .  
Routines a r e  a v a i l a b l e  f o r  c a l c u l a t i n g  t h e  va lue  of  kR f o r  o p t i c a l l y - t h i c k  con- 
d i t i o n s ( l 8 ) ;  however, de C a s t r o  e t  a l .  (19) have r e c e n t l y  proposed t h a t  kR is neg- 
l i g i b l e  i n  t h e  v a l u e s  of keff measured by t h i s  technique a t  ambient tempera tures  
( i e  kR Y 0, keff = kc) .  
measurements made wi th  t h i s  technique a t  h igher  temperatures< .20 ,21 ,22)  y i e l d  
much lower va lues  of keff f o r  s l a g s  than  those  obta ined  by s t e a d y - s t a t e  techniques .  
Furthermore, Powell and M i l l s ( 2 3 )  have poin ted  o u t  t h a t  t h e  thermal c o n d u c t i v i t y  
d a t a  f o r  molten sa l t s  become more c o n s i s t e n t  if kR is taken t o  be z e r o  i n  t h e  
var ious  l ine-source  de te rmina t ions ,  

There is a phase  

I n  t h e  modi f ica t ion  of t h i s  appara tus  used by E l l i o t t  and c o - ~ o r k e r s ( ~ ~ ~ ~ )  

If t h i s  method were a p p l i e d  t o  measure- 

when a p p l i e d  t o  s o l i d s  u s e s  a disc-shaped s l a g  

There is evidence t o  suppor t  t h e  view t h a t  k R 2  0, as 

3 . 3  I n d i r e c t  measurements o f  kR 

The absorp t ion  ( o r  e x t i n c t i o n )  c o e f f i c i e n t  can  be determined by measurement o f  t h e  
o p t i c a l  t r a n s m i s s i v i t y  (5  
c o e f f i c i e n t  

of t h e  s l a g  as a func t ion  of wavelength; t h e  absorp t ion  
( D I )  is  g iven  by equat ion  5 ) ,  where d is t h e  th ickness  o f  t h e  specimen. 
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Measurements a t  high t empera tu res  a r e  c a r r i e d  out  by us ing  

an assembly of mi r ro r s  t o  d i r e c t  a beam of r a d i a t i o n  of known frequency on t o  a 
disc-shaped specimen s i t e d  i n  a tube furnace.  The t r ansmi t t ed  beam is d i v e r t e d  
i n t o  an  i n f r a r e d  spectrophotometek where t h e  t r a n s m i s s i v i t y  is determined. 
Blazek and Endrys (3 )  have r epor t ed  t h a t  kR va lues  f o r  g l a s s e s  c a l c u l a t e d  from 
abso rp t ion  c o e f f i c i e n t  d a t a  a r e  i n  good agreement with values  of (keff - kc)  
determined expe r imen ta l ly .  

3 .4  Summary of experimental  l i m i t a t i o n s  

( i )  I t  is important  t o  ensure t h a t  t h e  thermal conduc t iv i ty  measurements on semi- 
t r anspa ren t  media should be c a r r i e d  o u t  with o p t i c a l l y - t h i c k  specimens, a s  
kR cannot  be c a l c u l a t e d  f o r  o p t i c a l l y - t h i n  cond i t ions .  
t h a t  abso rp t ion  c o e f f i c i e n t  measurements should a l s o  be c a r r i e d  o u t  t o  de t e r -  
mine the  s l a g  t h i c k n e s s  r equ i r ed  t o  produce an op t i ca l ly - th i ck  specimen. 

I t  is recommended 

(ii) The non- t r ans i en t  techniques a r e  prone t o  e r r o r s  due t o  convec t iona l  hea t  
t r a n s f e r .  

( i i i ) A t  t h e  p r e s e n t  t i m e  no r e l i a b l e  r o u t i n e s  a r e  a v a i l a b l e  f o r  c a l c u l a t i n g  t h e  
kR c o n t r i b u t i o n  t o  t h e  o v e r a l l  thermal conduc t iv i ty  measured i n  t r a n s i e n t  
techniques;  t h e r e  is some evidence t o  sugges t  t h a t  kR is n e g l i g i b l e  i n  
measurements ob ta ined  by t h e  l i n e  source method. 

4. REVIEW OF THE EXTANT DATA FOR SLAGS 

There i s  a pauc i ty  o f  d a t a  f o r  coa l  s l a g s ;  it i s  the re fo re  necessary t o  s tudy  a 
much broader range of s l a g s  i n  o rde r  t o  determine t h e  e f f e c t s  of composi t ional  
change on the  thermal c o n d u c t i v i t y  o f  t h e  s l a g .  One problem c o n t i n u a l l y  encount- 
e r ed  is t h a t  t h e  d i s t r i b u t i o n  of Fe i n  s l a g s  between (Fe3+) ,  (Fez+) and f r e e  i r o n  
is no t  repor ted ,  and t h i s  can have a marked e f f e c t  on t h e  abso rp t ion  c o e f f i c i e n t  
and consequently kR. Furthermore,  the  r a t i o  of ( ( F e 2 + ) / ( F e 3 + ) )  is known t o  vary 
wi th  ( i )  temperature ,  (ii) ~ ( 0 2 )  and (iii) t h e  composition of the  s l a g ,  (Fez+)  
i n c r e a s i n g  with i n c r e a s i n g  Si02 and Ti02, and dec reas ing  CaO and Na2O. 

4.1 CaO + SiO? + FeOx 

F ine  et(7) determined t h e  abso rp t ion  s p e c t r a  a t  room temperature  of t h r e e  s l a g s  
con ta in ing  0, 7 and 14% FeO (Figure  4) .  
con ta in ing  7 and 14% FeO w i l l  probably i n c r e a s e  with i n c r e a s i n g  temperature  a s  t h e  
(Fe2+/Fe3+) r a t i o  i n c r e a s e s  wi th  i n c r e a s i n g  temperature .  
i nc reas ing  temperature  c a n  a l s o  be seen i n  Figure 2. 
wave method t o  determine aeff of s o l i d  and l i q u i d  s l a g s  con ta in ing  0 t o  25% FeO; 
t h e i r  r e s u l t s  a r e  summarised i n  equa t ion  6 ) ,  where B r e p r e s e n t s  t h e  b a s i c i t y ,  i e  
(CaO/SiO,) r a t i o  and T L s  the  temperature  i n  ( " C ) .  

The abso rp t ion  c o e f f i c i e n t s  of t h e  s l a g s  

An i n c r e a s e  i n  o( w i t h  
Fine - ( 7 )  used t h e  r a d i a l  

6 )  
-6 (T/1500 ) 3  m2s-1 

aeff = (1.5 - 0 . 5  E) + 1.8 x 10 - 
( w e 0  

Th i s  equat ion i n d i c a t e s  t h a t  i n c r e a s i n g  the  FeO con ten t  r e s u l t s  i n  a r educ t ion  of 
a e f f ;  t h i s  behaviour is due presumably t o  t h e  i n c r e a s e  inoC and hence t h e  con-. 
sequent  decrease i n  kR w i t h  inc reas ing  FeO content .  However, Nauman e t l ( 2 4 )  
u s ing  t h e  same experimental  technique a s  Fine 9 ( 7 )  obtained t h e  keff - ( %  FeO) 
r e l a t i o n s h i p  shown i n  F i g u r e  5 f o r  molten s l a g s  with high FeO contents .  The 
d e n s i t y  of s l a g s  a r e  known t o  inc rease  with inc reas ing  (FeOx, MnO) con ten t  
k ( =  a.Cp.e) would be expected t o  i n c r e a s e  a s  t h e  l e v e l  o f  FeO i n c r e a s e s ( 2 5 J .  
However, c a l c u l a t i o n s  have shown t h a t  t h i s  i n c r e a s e  i n  k would be c a .  30%. and 
t h i s  alone would n o t  account  f o r  t h e  i n c r e a s e  i n  k shown i n  Figure 5. Thus it 
must be concluded t h a t  FeO a d d i t i o n s  do i n c r e a s e  t h e  thermal  d i f f u s i v i t y  of t h e  

t h u s  
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system. In t h e s e  s l a g s  wi th  h igh  FeO c o n t e n t ,  t h e  absorp t ion  c o e f f i c i e n t  must be 
very h igh  and thus  kR must be n e g l i g i b l e  and keff = kc. 

4.2 CaO + A1703 + Si02  

Measurements on s o l i d  s l a g s  have been r e p o r t e d  by Kingery(12) (comparative l i n e a r  
heat-flow method),  Osinovskikh(25) and Susa e t  a l ( z l ) ( l i n e  source  method),  and for 
t h e  l i q u i d  phase by Susa e ( z 1 )  and Oginoetm(13)(radial heat-flow 
r e s u l t s  a r e  summarised i n  F igure  6. The d a t a  recorded  by Osinovskikh("j appear 
t o  be too  low, b u t  t h e r e  is some measure of agreement between t h e  d a t a  obta ined  
f o r  t h e  l i q u i d  n e a r  t h e  l i q u i d u s  temperature ( T l i q ) .  However, t h e  repor ted ,  
thermal conduct iv i ty  va lues  d iverge  a s  t h e  temperature i n c r e a s e s ,  and t h i s  i s  
poss ib ly  due t o  t h e  n e g l i g i b l e  c o n t r i b u t i o n  of kR i n  t h e  l i n e  source  measure- 
ments(z0) and t h e  e f f e c t s  of kR and convec t ive  h e a t  t r a n s f e r  on t h e  v a l u e  due t o  
Ogino( l3) .  
ab ly  h igher  t h a n  t h a t  f o r  t h e  s l a g s  of t h e  t e r n a r y  system. 

t h e  

The va lue  due t o  Kingery( l2)  f o r  t h e  compound 3A1203.Si02 is apprec i -  

4 . 3  MgO + A1701 + Si02  

Values f o r  t h e  v a r i o u s  b inary  compounds o c c u r r i n g  i n  t h i s  system have been r e p o r t e d  
by Rudkin(26) and by K i n g e r y ( l 2 )  (comparative l i n e a r  heat-flow method), and by 
Schatz and.Simmons(6) (modulated beam method) for t empera tures  up t o  1300 'C; 
t h e r e  is e x c e l l e n t  agreement between t h e  v a l u e s  due t o  the  l a t t e r  two groups of 
workers. 
i n c r e a s e s  from 5 cm-I a t  270 "C t o  25 cm-l a t  1300 O C .  

Schatz  and Simmons(6) r e p o r t e d  t h a t  e x t i n c t i o n  c o e f f i c i e n t  o f  2MgO.SiO2 

4.4 Nap0 + Si02  

Susa Z t A ( 2 1 )  ( l i n e  source  method) r e p o r t e d  thermal c o n d u c t i v i t y  d a t a  f o r  s o l i d  
arid l i q u i d  s l a g s  for t h r e e  compositons; t h e  s i n g l e  v a l u e  obta ined  by Ogino et(13) 
(radial .  heat-flow method) is in reasonable  agreement wi th  t h e s e  da ta .  

4 .5  Glasses 

Blazek and en dry^(^) have reviewed t h e  thermal conduct iv i ty  d a t a  f o r  g l a s s e s .  
l a t t i c e  thermal c o n d u c t i v i t y ,  kc, f o r  g l a s s e s  is r e l a t i v e l y  u n a f f e c t e d  by com- 
p o - i t i o n  and w a s  found t o  i n c r e a s e  wi th  tempera ture  from 1Wm-1K-1 a t  25 O C  t o  
2.7 Wm-1K-1 a t  1300 "C. 
doininant mode of h e a t  conduction i n  g l a s s e s  a t  high temperatures.  

The 

However, t h e  r a d i a t i o n  conduction is f r e q u e n t l y  t h e  

4.6 X z - b a s e d  s l a g s  

Ext inc t ion  c o e f f i c i e n t s  have been r e p o r t e d  (1.3 cm-I f o r  1000-1300 " C )  by Keene 
and M i l l s ( 2 7 ) ,  and absorp t ion  c o e f f i c i e n t s  (1.3 cm-l) for t h e  l i q u i d  s t a t e  by 
Mi tche l l  and Wadier(22).  

The thermal c o n d u c t i v i t y  v a l u e s  f o r  p o l y c r y s t a l l i n e  ( o p t i c a l l y - t h i c k )  CaF2 
obta ined  by Kingery( l2)  (comparative l i n e a r  flow method) and by Taylor and 
M i l l s ( l 6 )  a r e  i n  reasonable  agreement (F igure  7) .  
a b l e  discrepancy between t h e  v a l u e s  of k obta ined  by t h e  l i n e  source  method(20-22) 
and t h e  s i n g l e  va lue  due t o  Ogino 

The reason f o r  t h e  d iscrepancy  probably l i e s  i n  t h e  magnitude of t h e  kR v a l u e s  meas- 
uqed i n  t h e  two experiments,  as kR is probably n e g l i g i b l e  f o r  t h e  l i n e  source  
technique, i n  c o n t r a s t  t o  t h e  s teady-s ta te  method where kR would be a p p r e c i a b l e  
d e s p i t e  t h e  f a c t  t h a t  t h e  sample was probably o p t i c a l l y  t h i n  ( a d U 0 . 8 ) .  

However, t h e r e  is an  apprec i -  

( r a d i a l  h e a t  s o u r c e  method). 

4.7 X z - b a s e d  s l a g s  

m2s-1 have been r e p o r t e d  by Values of thermal d i f f u s i v i t y ,  aef f ,  of ca.  
Raflovich and Denisova(") f o r  s l a g s  based on Ti02 0 4 5 % )  and Si02  w i t h  small 
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amounts of A1203 and Fe203. 
wi th  l e s s  than 15% Ti02 a r e  much lower, t h i s  
of t h e  sample used. 

The d a t a  r e p o r t e d  by Osinoskikh et(25) f o r  slags 
is probably due t o  t h e  h igh  p o r o s i t y  

4.8 Continuous c a s t i n g  slags 

These s l a g s  have t h e  approximate composition ( C a O  = Si02 = 35%; A1203'= 7%; 
Na20 (4-15%) and CaF2 (54%) .  
e f f i c i e n t s  l i e  i n  t h e  r a n g e  (0 .5  - 5 cm-l) and thus  kR could be a p p r e c i a b l e  i n  
t h e s e  s l a g s .  Values fo r  aeff were obta ined  f o r  t e n  g lassy-s la  s by Taylor and 
~ i l l ~ ( 3 0 )  (lase.- w l s e  method) which l a y  between 4 and 5 x 10-5 d s - 1  (F igure  8 ) ;  
t h e s e  s l a g s  were o p t i c a l l y  t h i n  (dd = 0.4) and thus  we might expec t  kR t o  be small 
and k e f f z  kc. Some c r y s t a l l i s a t i o n  o f  t h e  samples occurred a t  t empera tures  above 
t h e  g l a s s  temperature i n  t h e s e  experiments,  and t h i s  r e s u l t e d  i n  a n  i n i t i a l  decrease  
i n  aeff. 
Taylor and M i l l s  r e p o r t e d  t h a t  a,ff of a c r y s t a l l i s e d  specimen had a va lue  of 
6 x m2s-1, which is higher  than  that  of t h e  g l a s s y  specimens; t h e  c r y s t a l l i n e  
samples would have a h i g h e r  e x t i n c t i o n  c o e f f i c i e n t  and t h u s  kR would be low and hence 
aeff = a,. Thermal c o n d u c t i v i t y  va lues  f o r  t h e  l i q u i d  phase have been obta ined  by 
Nagata e t  a l ( 3 1 )  and by Powell e t  a l ( j 2 )  ( l i n e  source  method), and by Taylor and 
E d w a r d s m ( 1 a s e r  p u l s e  method- b y  Ohmiya 
f l u x  da ta ) .  As can be s e e n  from Figure 0, t h e  r e s u l t s  from t h e  l i n e  source  tech- 
n ique  a r e  lower than  t h e  o t h e r  d a t a ,  and t h i s  probably r e f l e c t s  t h e  f a c t  t h a t  kR 
is n e g l i g i b l e  in t h e  l i ne  source  experiements.  The increase  i n  keff observed by 
Taylor and Edwards(17) above t h e  s o l i d u s  temperature is probably due t o  t h e  decrease  
i n  & ( a n d  i n c r e a s e  i n  kR) ,  a s  l i q u i d  is formed from c r y s t a l l i s e d  s l a g .  

Olusanya( 29) has  r e p o r t e d  t h a t  t h e  absorp t ion  co- 

which was subsequent ly  followed by an increase  i n  t h e  thermal d i f f u s i v i t y .  

;33) i n t e r 2 r e t a t i o n  o f  thermal 

4.9 Blas t  furnce s l a g s  

Values of keff have been r e p o r t e d  by I ~ c h e n k o ( ~ ~ )  and by Vargaftik and O l e ~ c h u k ( ~ ~ )  
for temperatures i n  t h e  range  (200-1000 O C ) .  The v a l u e s  c i t e d  are lower than  those  
r e p o r t e d  f o r  o t h e r  s l a g s ,  which is presumably due to t h e  high p o r o s i t y  of t h e  
samples used by t h e s e  workers.  

4.10 Rocks and Minerals 

Absorption and e x t i n c t i o n  c o e f f i c i e n t s  for  s e v e r a l  rocks  and m i n e r a l ~ ( ~ ~  5 3 6 )  were 
found t o  i n c r e a s e  a p p r e c i a b l y  a t  high tempera tures ,  e g  d . ~  ( p e r i d o t )  i n c r e a s e s  
from 0 . 5  cm-1 a t  25 O C  t o  4.3 c m - I  a t  1240°C. Values of  keff (or aef f )  have been 
recorded by Kingery(12) 
Murase and M ~ B i r n e y ( ~ ~ ) '  ( r a d i a l  h e a t  f l o w ) ,  and Schatz and Simmons(6) (modulated 
beam method). 
p o r t e d  t h a t  for f o r s t e r i t e  and o l i v i n e  a t  1300 O C ,  approximately h a l f  of t h e  
measured kerf va lue  was due t o  t h e  c o n t r i b u t i o n  o f  kR. 
between t h e  r e s u l t s  r e p o r t e d  by Kingery( l2)  and by Schatz  and Simmons(6ffor keff 
Of f o r s t e r i t e .  
a b l y  lower than t h o s e  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s ,  which may i n d i c a t e  sys temat ic  
e r r o r s  i n  t h e  method, or may merely be due t o  t h e  h igher  Si02 c o n t e n t  of t h e  samples 
s t u d i e d  by Murase and McBirney. 
f o r  some samples probably i n d i c a t e s  t h e  o n s e t  o f  melting,which causes  t h e  e x t i n c t i o n  
c o e f f i c i e n t  t o  decrease  and hence kR t o  i n c r e a s e  apprec iab ly .  I t  is n o t i c e a b l e  t h a t  
K a ~ a d a ( ' ~ )  recorded no marked i n c r e a s e  i n  kFff f o r  d u n i t e  (DU), which has  an  FeO 
c o n t e n t  of 13% and where kR would be n e g l i g i b l e .  

by K a ~ a d a ( ~ ~ )  (comparative l i n e a r  flow method), by 

The r e s u l t s  a r e  g iven  i n  F igure  9 ,  and Schatz and ~ i m m o n s ( 6 )  re- 

There i s  good a reement 

The v a l u e s  of keff r e p o r t e d  by Murase and M ~ B i r n e y ( ~ ~ )  a r e  appreci-  

The s h a r p  i n c r e a s e  i n  k recorded above 1100 O C  

4.11 Coal s l a g s  

The experimental  d e t a i l s  of v a r i o u s  i n v e s t i g a t i o n s  concerned with t h e s e  s l a g s  a r e  
summarised i n  Table 1. 
and lower a-(T) curves  r e p o r t e d  by Gibby and Bates have been p l o t t e d .  

The absorp t ion  c o e f f i c i e n t s  of  t h e s e  slags a r e  probably q u i t e  h igh ,  a s  they  conta in  
a p p r e c i a b l e  l e v e l s  o f  FeO and free Fe. 
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The r e s u l t s  a r e  presented  i n  F igure  10; o n l y  t h e  upper 

Thus t h e  r a d i a t i o n  c o n t r i b u t i o n ,  kR, w i l l  



be r e l a t i v e l y  small. There is good agreement between t h e  r e s u l t s  of t h e  i n v e s t i -  
g a t i o n s  when t h e  apprec i ab le  d i f f e r e n c e s  i n  t h e  composition o f  t h e  s l a g s  is taken 
i n t o  account .  
v a r i e d  apprec i ab ly  from r u n  t o  run  and appeared t o  be dependent upon t h e  thermal 
h i s t o r y  of t h e  sample. 
sample and t h e  f a c t  t h a t  aeff ( c r y s t a l l i n e )  ) a ( g l a s s ) ,  which is i n  agreement wi th  
t h e  obse rva t ions  on cont inuous-cast ing s l a g s .  
t h a t  K20 a d d i t i o n s  r e s u l t e d  i n  a decrease i n  aeff  up t o  900 O C ,  and t h a t  t h e  
aeff-(T)  r e l a t i o n s h i p  showed a sha rp  i n f l e c t i o n  around 950 OC, which was a t t r i b u t e d  
t o  t h e  c r y s t a l l i s a t i o n  of the  s l a g s .  

These workers a l s o  r e p o r t e d  t h a t  aeff appeared t o  decrease with i n c r e a s i n g  Si02 
c o n t e n t  or with t h e  r a t i o  (SiO2/(SiO2 + Fez03 + MgO + CaO)). This  imp l i e s  t h a t  
kc is  probably dependent upon t h e  s t r u c t u r e  of t h e  s i l i c a t e  s l a g ,  and t h u s  it should 
be p o s s i b l e  t o  b u i l d  up a r e l i a b l e  model f o r  t h e  e s t ima t ion  of kc i n  due course .  
However, it is a l s o  p o s s i b l e  t h a t  t h e  decrease i n  aeff  with i n c r e a s i n g  S i 0 2  con ten t  
may s imply r e f l e c t  t h e  lower f r a c t i o n  of c r y s t a l l i n e  phase p r e s e n t  i n  t h e  s l a g .  

Gibby and Ba tes (15 )  r epor t ed  t h a t  f o r  s o l i d  s l a g s  t h e  va lue  of ae f f  

This  behaviour was a t t r i b u t e d  t o  t h e  c r y s t a l l i n i t y  of t h e  

Gibby and Ba tes (15 )  a l s o  observed 

5. DISCUSSION 

The thermal  conduc t iv i ty  d a t a  f o r  s l a g s ,  magmas and g l a s s e s  have been c o l l a t e d  i n  
Figure 11. 
those  f o r  s l a g s  from t h e  systems CaO + A1203 + Si02  and CaO + Si02  + FeO and f o r  
t hose  used i n  cont inuous c a s t i n g .  Thus it would appear  t h a t  t h e  chemical com- 
p o s i t i o n  o f  t h e  s l a g  has  l i t t l e  e f f e c t  on t h e  va lues  o f  kef f ;  however, c e r t a i n  
ox ides  ( e g  SiO2, CaO) cou ld  e x e r t  some in f luence  on t h e  c o n d u c t i v i t y  by a l t e r i n g  
t h e  c r y s t a l l i n i t y  o f  t h e  s l a g .  Furthermore, t h e  r a d i a t i o n  conduct ion w i l l  a l s o  b e  
a f f ec t ed  by t h e c r y s t a l l i n i t y  of t h e  sample a s  t h e  e x t i n c t i o n  c o e f f i c i e n t  w i l l  be 
high f o r  c r y s t a l l i n e  m a t e r i a l s .  

I t  is more d i f f i c u l t  t o  e v a l u a t e  t h e  thermal conduc t iv i ty  of molten s l a g s ,  a l though 
t h e  d a t a  obtained f o r  c o a l  s l a g s ( 1 5 )  and f o r  s l a g s  of t h e  system CaO + FeO + Si02  
(7)(14) i n d i c a t e  t h a t  keff f o r  t h e  l i q u i d  near  t h e  melt ing-point  i s  similar t o  t h a t  
f o r  t h e  s o l i d  phase . I t  is n o t i c e a b l e  t h a t  t h e  keff va lues  ob ta ined  f o r  l i q u i d  
s l a g s  by t h e l i n e  sou rce  method a r e  cons ide rab ly  lower than t h e  va lues  ob ta ined  wi th  
o t h e r  techniques.  It is p o s s i b l e  t h a t  t h e  l i n e  sou rce  method is  prone t o  system- 
a t i c  e r r o r s  when app l i ed  t o  molten s l a g s ,  b u t  a more l i k e l y  exp lana t ion  is t h a t  t h e  
kR i s  n e g l i g i b l e  i n  t h e s e  experiments .  
of (FeO + FepOg), it would be expected t h a t  t h e  abso rp t ion  c o e f f i c i e n t  of t h e  s l a g  
would be high an2 t h a t  t h e  kR c o n t r i b u t i o n  would be s m a l l .  
d r ama t i ca l ly  with temperature  and even a s l a g  wi th  a r e l a t i v e l y  h igh  abso rp t ion  co- 
e f f i c i e n t  of 100 cm-1  would g i v e  rise t o  a c o n t r i b u t i o n  o f  kR of 0 .4  Wm-lK-l a t  
1800 K .  

However a s  t h e  abso rp t ion  c o e f f i c i e n t  is very dependent upon t h e  (Fez+) c o n c e n t r a t i o n  
t h e  value of kR w i l l  be dependent upon t h e  va r ious  f a c t o r s  a f f e c t i n g  t h e  (Fe2+/Fe3+) 
r a t i o  i n  t h e  s l a g  v i z . t h e  r a t i o  i n c r e a s e s  with ( i )  inc reas ing  temperature  ( i i)  de- 
c r e a s i n g  p (02) 
K20 con ten t s  i n  t h e  s l a g .  This  review h a s  r evea led  t h e  u rgen t  need f o r  abso rp t ion  
c o e f f i c i e n t  da ta  f o r  c o a l  s l a g s  a t  high temperatures  and f o r  information r e l a t i n g  
t h e  abso rp t ion  c o e f f i c i e n t  t o  t h e  FeO con ten t  o f  t h e  s l a g .  

The h e a t  t r a n s f e r  p rocess  i n  t h e  c o a l  g a s i f i e r  can a l s o  be a f f e c t e d  by t h e  l a y e r  of 
s l a g  which l i n e s  t h e  w a l l s  of t h e  g a s i f i e r .  Recent ly ,  Grieveson and Bagha (38)  have 
developed a s imple experiment f o r  measuring t h e  thermal  f l u x  (Q) i n  v a r i o u s  s l a g s  used 
i n  t h e  continuous c a s t i n g  of s t e e l .  A water-cooled, copper f i n g e r  is lowered i n t o  a 
c r u c i b l e  con ta in ing  molten i r o n  covered wi th  a l a y e r  of s l a g  and a l a y e r  of s o l i d f i e d  
s l a g  forms around t h e  co ld  f i n g e r .  

I t  can  be seen  t h a t  keff va lues  f o r  s o l i d  c o a l  s l a g s  a r e  similar t o  

As c o a l  s l a g s  con ta in  r e l a t i v e l y  h igh  l e v e l s  

However kR i n c r e a s e s  

? 

(iii) i n c r e a s i n g  S i02  and Ti02 c o n t e n t s  and dec reas ing  C a O ,  Na20 and 

The thermal  f l u x  is determined by measuring t h e  
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temperature  r i s e  of t h e  coo l ing  water flowing through t h e  copper f i n g e r .  It was 
found t h a t  t h e  hea t  f l u x  was r e l a t e d  t o  ( i )  t h e  t h i c k n e s s  o f  t h e  s l a g  l a y e r  and 
(ii) the  thermal  r e s i s t a n c e  of the  Cu/slag i n t e r f a c e .  The th i ckness  of t h e  s l a g  
l a y e r  is ,  i n  t u r n ,  dependent upon t h e  v i s c o s i t y  of t h e  s l a g  and upon o t h e r  f a c t o r s  
determining t h e  "melt back" of t h e  s l a g  l a y e r .  
t h a t  t h e  thermal  r e s i s t a n c e  of t h e  Cu/slag i n t e r f a c e  appeared t o  be r e l a t e d  t o  ( i)  
t h e  mine ra log ica l  c o n s t i t u t i o n  of t h e  s l a g  and (ii) 
between t h e  copper  and t h e  slag eg.  Q ( g l a s s  from CaO.SiOp f i e l d  g i v i n g  good Cu/slag 
adhes ion )>  Q ( g l a s s  from Ca0.A1203.2Si02 phase f i e l d  with poor Cu / s l ag  adhes ion ) .  
Thus r e l a t i v e l y  s imple  experiments l i k e  t h e s e  s imula t ion  t e s t s  can p rov ide  us  with a 
va luab le  i n s i g h t  i n t o  t h e  f a c t o r s  a f f e c t i n g  h e a t  t ransfermechanisms o c c u r r i n g  i n  
i n d u s t r i a l  p rocesses .  

Grieveson and Bagha (38) observed 

t h e  s t r e n g t h  of t h e  adhesion 

CONCLUSIONS 

Experimental d a t a  f o r  t h e  thermal  c o n d u c t i v i t i e s  o f  s l a g s  must be c a r e f u l l y  
analysed t o  e s t a b l i s h  t h e  boundary cond i t ions  of t h e  experiment  (eg .  o p t i c a l  
t h i c k n e s s  of t h e  specimen, magnitude of kR etC.)  
d a t a  a l lows  one  t o  determine t h e  s u i t a b i l i t y  of a s p e c i f i c  t he rma l  conduct- 
i v i t y  value for subsequent  use i n  h e a t  balance c a l c u l a t i o n s  f o r  t h e  g a s i f i e r .  

The  thermal  c o n d u c t i v i t i e s  of c o a l  s l a g s  a r e  n o t  very dependent upon t h e  
chemical composi t ion of t h e  s l a g .  

T h e  thermal  c o n d u c t i v i t y  o f  a s l a g  is dependent upon t h e  degree of c r y s t a l l -  
i z a t i o n  and consequent ly  upon t h e  thermal  h i s t o r y  of t h e  specimen; t h e  
thermal  c o n d u c t i v i t y  of t h e  c r y s t a l l i n e  phase is g r e a t e r  t han  t h a t  of the  
g l a s s y  phase. 

The r a d i a t i o n  conduct ion,  kR, is p r i n c i p a l l y  determined by t h e  magnitude of 
t h e  a b s o r p t i o n  (or  e x t i n c t i o n )  c o e f f i c i e n t .  A s  t h e  a b s o r p t i o n  c o e f f i c i e n t  
of t h e  s l a g  is l a r g e l y  dependent upon t h e  (Fez+)  c o n c e n t r a t i o n  i n  t h e  s l a g ,  
it w i l l  a l s o  b e  dependent upon t h e  f a c t o r s  a f f e c t i n g  t h e  (Fe2+/Fe3+) r a t i o  
v i z , t empera tu re ,  ~ ( 0 2 )  and t h e  SiOz, CaO and Nap0 c o n t e n t s  of t h e  s l a g .  

Experimental d a t a  a r e  r equ i r ed  f o r  t h e  abso rp t ion  c o e f f i c i e n t s  of c o a l  s lags  
a t  h igh  t empera tu res  so t h a t  t h e  r e l a t i o n s h i p  between amand  t h e  FeO content  
can be e s t a b l i s h e d .  

Heat t r a n s f e r  i n  t h e  c o a l  g a s i f i e r  w i l l  be p a r t i a l l y  dependent upon t h e  
thermal  r e s i s t a n c e  of t h e  s l a g / w a l l  i n t e r f a c e  and t h i s ,  i n  t u r n ,  w i l l  be 
dependent upon t h e  mine ra log ica l  c o n s t i t u t i o n  of t h e  slag a d j a c e n t  t o  the  
wall. 

T h i s  e v a l u a t i o n  of t h e  
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Figure 1. The dependence of keff w o n  the thickness of the sample. 

Fieure 2. 
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The wavelength of dependence of a glass containinga % Si0 *if,% Na 0 2) 2 

h l p m  

Figure 3.  Wavelength distribution of the source energy emission for a black body. 
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SOLID-LIQUID-VAPOR INTERACTIONS I N  ALKALI-RICH COAL SLAGS 

L. P. Cook and J .  W. Hast ie  

Nat ional  Bureau of Standards, Washington, D.C. 20234 

I. INTRODUCTION 

Sodium and potassium are important c o n s t i t u e n t s  of the c lay  minerals  found in 
most coals .  
and reabsorbed by s l a g  in t h e  cooler  por t ions  of  t h e  system, leading t o  t h e  
production of s l a g s  having concentrat ions of a l k a l i e s  s e v e r a l  times t h a t  of the  
primary mineral matter. Without doubt t h e  most marked concentrat ions occur in 
s l a g s  from magnetohydrodynamic genera tors ,  where potassium is d e l i b e r a t e l y  added 
t o  the  combustion gases t o  enhance e l e c t r i c a l  conduct ivi ty  of t h e  plasma. S lags  
from MHD generators  have K20 concentrat ions approaching 20 u t % .  

A s  t h e  coa l  is combusted these  metals  may be vaporized, t ranspor ted  

The corrosive e f f e c t s  of these  high a l k a l i  s l a g s  on ceramic components of 
combustion systems are w e l l  known. Corrosion arises from t h e  f a c t  t h a t  such s l a g s  
a r e  good so lvents  f o r  a wide range of mater ia l s .  
come i n t o  contact  with high a l k a l i  s lags .  d e s t r u c t i v e  reac t ions  producing new 
s o l i d s  may occur. 
produce NaAlSiO,,, KAlSiO, or beta  alumina, depending upon the  a c t i v i t i e s  of 
s i l i c a  and the a l k a l i e s .  In most s i t u a t i o n s ,  reac t ions  of t h i s  type would r e s u l t  
i n  l o s s  of s t r u c t u r a l  i n t e g r i t y  of the  ceramic. 

Furthermore, when many ceramics 

For example, alumina, a widely used r e f r a c t o r y ,  may r e a c t  t o  

For these and r e l a t e d  reasons, t h e r e  is need f o r  d e t a i l e d  knowledge of the  
NBS has a n  ongoing physical  chemistry of high a l k a l i  coa l  a s h  - derived s lags .  

t h e o r e t i c a l  and experimental program t o  sys temat ica l ly  determine the  na ture  of 
solid-liquid-vapor e q u i l i b r i a  in high a l k a l i  coa l  s lags .  
of  coa l  s lag ,  t h i s  n e c e s s i t a t e s  a c lose  i n t e r a c t i o n  between theory and experiment. 
i f  s i g n i f i c a n t  progress  is t o  be made. 

Given t h e  wide v a r i a b i l i t y  

Experimentally, th ree  p r i n c i p a l  methods a r e  being u t i l i z e d .  Applicat ion of 
t h e  high temperature quenching method, with examination of r e s u l t s  by x-ray 
d i f f r a c t i o n  and e l e c t r o n  microprobe methods, is f a c i l i t a t e d  by t h e  f a c t  t h a t  most 
s i l i c a t e  melts quench r e a d i l y  t o  g lasses ,  preserving t h e  t e x t u r a l  and chemical 
re la t ionships  which prevai led under equi l ibr ium a t  high temperatures. On t h e  
o t h e r  hand, t h e  r e l a t i v e l y  slow k i n e t i c s  makes necessary g r e a t  care in t h e  
determinat ion of a l k a l i  vapor pressures  by t h e  Knudsen effusion/mass spectrometr ic  
method. Nonetheless the  technique has  been used successfu l ly  a t  NBS i n  determining 
vapor pressures  by c lose ly  c o r r e l a t i n g  e f fus ion  experiments wi th  on-going quench 
experiments. S imi la r ly ,  t h e  appl ica t ion  of t h e  t h i r d  p r i n c i p a l  experimental 
method, high temperature d i f f e r e n t i a l  thermal-thermogravimetric a n a l y s i s ,  requi res  
a degree of caut ion.  

There has  long been i n t e r e s t  i n  t h e  development of models for t h e  pred ic t ion  
of coa l  s l a g  phase e q u i l i b r i a .  
p o s i t i o n a l  range have been successfu l ly  modeled, a s i n g l e  model f o r  accura te  
pred ic t ion  of s l a g  phase e q u i l i b r a  i n  genera l  w i l l  r equi re  t h a t  considerably 
more progress be made not  only i n  our understanding of t h e  s t r u c t u r a l  chemistry 
of s l a g s  but a l s o  i n  the  a v a i l a b i l i t y  of thermochemical data  needed for such 
models. Progress t o  d a t e  is r e l a t e d  t o  the  r e a l i z a t i o n  t h a t  t reatment  of  silicate 
l i q u i d s  as polymerized m e l t s  m y  be necessary f o r  very p r e c i s e  p r e d i c t i o n  of phase 
re la t ionships .  
modeled over a wide range of  compositions by t r e a t i n g  s l a g s  a s  composed of  
mixtures  of complex mineral  melts such as CaA12SI208, KAlSiOt , ,  NaA1Si308, e t c .  

While s i l i c a t e  phase diagrams of l imi ted  com- 

Also important is the  discovery t h a t  a l k a l i  a c t i v i t i e s  can be 
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Thus coal s lqgs ,  while  not  chemically i d e a l  mixtures  of  t h e  oxide components, 
appear t o  be much more i d e a l  with respec t  t o  a choice of more complex components. 

11. PHASE EQUILIBRIA I N  COAL SLAGS 

(A) Coal Slag As A 7-Component System 

The v a r i a b i l i t y  of c o a l  a s h  composition is  d i r e c t l y  r e l a t e d  t o  v a r i a t i o n s  
i n  the  proport ions of  minera l  impur i t ies  such as Si02, CaC03, CaMg(COg)p, 
CaS04.2H20, Fe2O3, FeS2, and t h e  c lay  minerals  which comprise a complex group 
of hydrated a l k a l i  a luminos i l ica tes .  Coal ashes  may vary widely i n  t h e i r  
contents  of  iron, calcium and magnesium, but  do not  vary as g r e a t l y  i n  the  
amount of s i l i c a  and alumina they contain.  
reported i n  U.S. Bureau of Mines Bull. 567 (11, t h e  g r e a t  major i ty  have a 
siOq/(Si02+tU203) m o l e  r a t i o  between .67 and .SO, with  a w e l l  def ined maximum 
near  .75 (2). The bulk chemistry of the  ash  i s  r e l a t e d  t o  the  condi t ions of 
formation of t h e  c o a l .  
U.S.A. are high in calcium whi le  bituminous c o a l s  of the  eas te rn  U.S.A. conta in  
more iron. Table 1 g i v e s  t y p i c a l  analyses  f o r  ashes  from these  c o a l s ,  and 
includes f o r  comparison an a n a l y s i s  o f  coa l  s l a g  from a magnetohydrodynamic 
generator .  From t h i s  t a b l e ,  i t  can be  seen t h a t ,  i n  general ,  coa l  s l a g  must be 
regarded a s  a seven component substance,  i f  minor cons t i tuents  such as Ti02 
and P205 a r e  ignored and i f  s u l f u r  is assumed t o  vaporize a t  high temperature. 

I n  f a c t ,  of the  323 coa l  ash  analyses  

In  genera l  l i g n i t e s  and subbituminous coa ls  of t h e  western 

Table 1. Typical Coal Ash  Analyses (wt  X). 
Montana Coal(3) I l l i n o i s  Coal (3) 

0.4 1.6 

0.4 1.6 

11.9 8.2 
3.9 0.8 

21.4 16.2 

10.0 23.7 

42.5 37.5 

0.8 0.8 
0.3 

8.1 

0.1 

0.9 

MHD 

20.2 

0.5 

3.9 

1.1 

12.4 

14.7 

40.3 

0.5 

0.2 

To account f o r  the  f a c t  t h a t  Fez03 reduces p a r t i a l l y  t o  FeO with increas ing  
temperature would r e q u i r e  an added component. 
aga in  t o  seven i f  t h e  oxygen p a r t i a l  p ressure  is included as an i n t e n s i v e  var iab le  
a long with temperature and composition. 
FeO and FepOg in def in ing  t h e  bulk composition is el iminated;  these a r e  replaced 
by FeOx, where x is determined by the oxygen p a r t i a l  pressure.  

However t h i s  may b e  reduced 

By doing t h i s  the need t o  spec i fy  both 

(B) Representation of  Solid-Liquid-Vapor E q u i l i b r i a  

Ready v i s u a l i z a t i o n  of a range of phenomena is one of t h e  a t t r i b u t e s  making 
phase diagrams indispensable  i n  understanding the  chemistry of heterogeneous 
systems. 
been derived for the  r e p r e s e n t a t i o n  of n-component systems (5), these  do not  

However, a l though advanced multidimensional pro jec t ive  methods have 
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in general lead to easily visualized diagrams. 
coal slag system, alternative methods must be used. 

Thus for the seven component 

It is useful to subdivide the slag system into smaller systems. The system 
A1203-SiO2 is perhaps the most fundamental system for all slags, and to this 
one may think of adding progressively combinations of the alkalies and CaO. 
MgO and FeO , until the desired degree of complexity is reached. Constituent 
systems makfng up the slag system are summarized in Table 2. 
for parts of many of these systems (6-10). but as the number of components 
increases, data become progressively fewer. 

Data are available 

At NBS, experimental work is presently concentrating on the system 
K20-Ca0-A1203-Si02. 
forms the basis for modeling potassium-rich $lags. 
establish subsolidus equilibria (Figure 1) and then to combine these data with 
literature thermochemical data via solid state reactions of the type 

This along with K20-FeO -Al2O3-SiO2 and K20-MgO-Al203-Si02, 
The approach has been to 

A ( s )  + B ( S )  * C(s) + D ( S )  + 2K(g) + 1/2 02(g) 

At the temperature of minimum melting, such calculations provide direct links 
between the phase diagram and the measurements of potassium vapor pressure 
which are independent of any solution model (Figure 2). 
greatly in the determination of an internally consistent set of thermochemical 
data. 

This approach aides 

As the systems investigated become more complex (more components), other 
techniques may be used to reduce the number of variables, so that results can 
be portrayed graphically. 
in the system K20-Ca0-Fe0 -Al203-S102 could be portrayed in three dimensions 
graphically as a tetrahed;al diagram at constant uK20 or PK20, T and P 
Another way of reducing the dimensionality of the representational problem 
is to deal with saturation surfaces - this is actually a form of projection. For 
example by considering the equilibria in which A1203 participated as a phase, 
the need to use A1203 as a representational component would be eliminated. 

For example, in principle phase equilibria at 1 atm 

02' 

(c) Role of Polymerization Theory 

One of the major problems in prediction and calculation of phase equilibria 
is the formulation of accurate expressions for the free energy of mixing of 
silicate melts. Relatively few calorimetric measurements are available, and 
hence the importance of sound methods of estimation and prediction of mixing data 
to within the required degree of accuracy. 
1960's to include silicate melts by Masson (11) and others holds promise. It is 
perhaps the only general theory for silicate melts which deals quantitatively 
with the problem of melt structure. 
of success, to calculate phase equilibria in binary oxide systems (12.13). 
Preliminary calculations on multicomponent slags have shown that polymer theory, 
when treated in a quasichemical fashion, is highly flexible, and can accommodate 
seven component liquid immiscibility by making relatively few estimates and 
assumptions (Figure 3 ) .  
system K20-CaO-Al203-Si02 have met with only partial success. 
and extensions of polymer theory in this quaternary system are hampered by a 
lack of experimental data, and an attempt is being made to rectify this situation. 

Polymer theory, extended in the 

This has been used, with a surprising degree 

However, attempts to fit liquidus surfaces in the 
Further applications 
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,111. SOLUTION MODEL FOR THE PREDICTION OF ALKALI VAPOR PRESSURES 

(A) Basis of the Model 

The model employed for prediction of vapor pressures in multicomponent coal 
slags has been outlined in (14). Briefly, large negative deviations from ideal 
thermodynamic activity behavior are attributed to the formation of complex liquids 
and solids (actual components) such as K2Si03, KAISiOI,, etc. The free energies 
of formation (AG ) are either known or can be estimated for these liquids and 
solids. 
equilibrium composition with respect to these components. 
mole fraction of K20 present ( X * L ~ ~ ~ J )  in equilibrium with K2Si03, and other 
complex liquids (and solids) containing K20, is known. 
for the ternary systems. the component activities can, to a good approximation, 
be equated to these mole fraction quantities (15). 
follows that potassium partial pressures can be obtained from the relationship 

f By minimizing the total system free energy, one can calculate the 
Thus, for instance the 

As has been shown previously 

From this assumption it also 

where K 
solid) Fo K and 02. 
predicted P 
dynamic ac&vities and phase compositions were also calculated using this model. 
The experimental K-pressure data were obtained by Knudsen effusion mass 
spectrometry as discussed in detail elsewhere (16). 

is the stoichiometric dissociation constant for pure K20 (liquid or 
In the following discussion the model is tested by comparing 

data determined in this manner with experimental values. Thermo- 

(B) Method of Calculation 

The SOLGASMIX computer program (17) used for calculation of the equilibrium 
composition and hence activities utilizes a data base of the type given in (14). 
The coefficients to the AGf equation were obtained by fitting AG 
available in JANAF (lB), Robie et a1 (19), Barin and Knacke (20), Rein and 
Chipman (21) and Kelley (22). In some cases no literature data were available 
and we estimated functions in the manner described earlier (16). Many of the 
compounds used in the calculation are mineral phases such as mullite (AlgSi2013), 
kaliophilite (KAlSiOb) , leucite (KA1Si2O6), feldspar (KA1Si308), and gehlenite 
(Ca2A12Si@7). 

vs T data f 

(C) Application to the K20-CaO-Al203-Si02 System 

Figure 4 shows results of calculations for potassium pressures made using 
the model. 
experimental error over a wide range of temperature. 
indicate temperatures of precipitation of various solids in the quaternary 
system, These predictions are being checked by experiment. Other potassium 
pressure calculations (not shown) show similarly good agreement with experiment 
in the system K20-Ca0-A1203-Si02. 

As can be seen these agree with experimental results within limits of 
The calculations also 

187 



1 

IV. SUMMARY 

(solid-liquid-vapor) phase equilibria in multicomponent coal slags has been out- 
lined, including methods for the presentation of results. 
prediction as an important tool in planning experimental work. 
benefits from experimental feedback, resulting in a continual evolution of models. 
Hopefully this will lead to generalized solution models capable of predicting 
slag phase equilibria with a high degree of accuracy. 

An integrated experimental/theoretical approach to the problem of non-condensed 

This relies upon 
Theory in turn 
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Figure 1. Fxperimentally determined subsolidus phase re la t ions  
i n  the system K20-CaO-Al203-Si02. 

c2s - CazSi01, 

e382 = Ca3Si207 

wo = CaSi03 

ge  = Ca2A12Si07 

an = CaAl2Si208 

trd  = Slop  

ksp = KAlSi3O8 

IC = KA1Si2O6 

k l s  = KA1SiO4 

mu = 3Al203-2Si02 

ca6 = c ~ 1 2 0 1 9  cor = A1203 
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Figure 2. Calculated potassia pressures for solid 
assemblages in K20-CaO-Al203-SiO~ (see 
Figure 1). 
from (19). Equilibria are metastable above 
the minimum melting temperatures. 

Thermochemical data used were 
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Figure 3 .  Calculated free energy of mixing along a 
compositional vector, in the system 
K20-Ca0-Mg0-Fe0 -A1203-Si02 passing 
through experimgntally determined com- 
positions of immiscible melts (F and S ) .  
Calculations were made using the quasi- 
chemical melt polymerization theory (23 ) .  
The compositions of predicted and observed 
immiscible melts can be made to agree 
reasonably well by adjustments in polymerization 
equilibrium constants and in the ratio 
Fe+3/(Fe+3 + Fe+2). 
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OVERVIEW OF COAL ASH DEPOSITION IN BOILERS 

R. W .  Borio and A. A. Levasseur 

COMBUSTION ENGINEERING, INC. 
1000 Prospect Hill Road, Windsor, CT 06095 

INTRODUCTION 

The management of coal ash in utility boilers continues to be one of the most 
important fuel property considerations in the design and operation of commercial 
boilers. The behavior of mineral matter in coal can significantly influence furnace 
sizing, heat transfer surface placement, and convection pass tube spacing. Ironi- 
cally, many of the more reactive, low rank U. S. coals must have larger furnaces 
than the less reactive higher rank coals. This is strictly a requirement based 
on the mineral matter behavior; Figure 1 illustrates this point. Given the same 
mineral matter behavior the more reactive, lower rank coals would require less 
residence time and therefore smaller furnace volumes than the less reactive, higher 
rank coals. 

Although pulverized coal has been fired for more than 50 years and much is known 
about combustion behavior there are still a number of boilers experiencing operat- 
ional problems from coal ash effects. Ash-related problems are one of the primary 
causes of unscheduled outages, unit derating and unavailability. Because of varia- 
bility in a given coal seam and since many boiler operators may experience changes 
in their coal supply during the life of a boiler, operational problems caused by 
changes in coal ash properties can significantly affect boiler performance. Not 
only must the initial boiler design be correctly determined based on the specifi- 
cation coal but reliable judgements must be made regarding the suitability of other 
candidate coals and their effect on operation during the lifetime of the boiler. 

The increased emphasis on coal usage in this country and, indeed, the significant 
effort underway to consider coal water mixtures as possible oil substitutes in 
oil-designed boilers underscores the need to improve the prediction of mineral 
matter behavior in a boiler environment. 

Coal is a very heterogeneous, complex material which produces heterogeneous, com- 
plex products during combustion. Since, during pulverized coal combustion, coal 
particles of various organic and mineral matter compositions can behave in com- 
pletely different manners, prediction based upon the overall or average composition 
may be misleading. Like many of the currently-used ASTM coal analyses, the method 
for determining ash fusibility temperatures was developed when stoker firing was 
a predominant coal firing technique; the methodologies and conditions employed 
during many of the ASTM tests reflect this. It is not surprising that the useful- 
ness of some ASTM test results may be limited when used for a pulverized coal 
firing application. In recent years researchers have developed methodologies for 
characterizing coal ash behavior that better reflect the fundamental mechanisms 
controlling behavior and more closely simulate the conditions that exist in a pul- 
verized coal fired boiler. 

Clearly there is a need for improved mineral matter behavior predictive techniques. 
This paper will provide a statement of the ash deposition problem in pulverized 
coal fired boilers, it will present an assessment of the older, traditional methods 
for predicting mineral matter behavior and it will address some of the newer tech- 
niques that have been suggested as better ways of characterizing coal ash behavior. 
Additionally some areas of uncertainty will be identified as requiring the develop- 
ment of better predictive techniques. 
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STATEMENT OF THE PROBLEM 

The presence o f  ash d e p o s i t s  and f l y a s h  can c r e a t e  the  f o l l o w i n g  problems i n  a 
b o i l e r :  

1. Reduced heat  t r a n s f e r  
2. Impedance o f  gas f low 
3. Phys i ca l  damage t o  p ressu re  p a r t s  
4. Cor ros ion  o f  p ressu re  p a r t s  
5. E ros ion  o f  p r e s s u r e  p a r t s  

These problems can r e s u l t  i n  reduced g e n e r a t i n g  capac i t y ,  unscheduled outages, 
reduced a v a i l a b i l i t y ,  and c o s t l y  m o d i f i c a t i o n s .  

Ash which depos i t s  on b o i l e r  w a l l s  i n  t h e  r a d i a n t  s e c t i o n  of  a f u rnace  i s  g e n e r a l l y  
r e f e r r e d  t o  as s lagg ing .  Ash d e p o s i t i o n  on convec t i on  tube  s e c t i o n s  downstream 
o f  t he  fu rnace  r a d i a n t  zone i s  t y p i c a l l y  r e f e r r e d  t o  as f o u l i n g .  Ash s l a g g i n g  and 
f o u l i n g  can r e s u l t  i n  p rob lems l i s t e d  i n  i tems 1 th rough  4; i t em 5, e ros ion ,  i s  
t h e  r e s u l t  o f  impingement o f  ab ras i ve  ash on p ressu re  p a r t s .  O f ten  coa l  ash depos i t  
e f f e c t s  a r e  i n t e r - r e l a t e d .  For  example, s l a g g i n g  w i l l  r e s t r i c t  wa te rwa l l  hea t  
abso rp t i on  chang ing  t h e  tempera tu re  d i s t r i b u t i o n  i n  t h e  b o i l e r  which i n  t u r n  
i n f l u e n c e s  t h e  n a t u r e  and q u a n t i t y  o f  ash d e p o s i t i o n  i n  downstream convec t i ve  
sec t i ons .  Ash depos i t s  accumulated on convec t i on  tubes  can reduce t h e  c ross -  
s e c t i o n a l  f l o w  a rea  i n c r e a s i n g  f a n  requ i rements  and a l s o  c r e a t i n g  h i g h e r  l o c a l  
gas v e l o c i t i e s  wh ich  a c c e l e r a t e s  f l y a s h  e ros ion .  I n  s i t u  depos i t  r e a c t i o n s  can 
produce l i q u i d  phase components wh ich  a r e  i ns t rumen ta l  i n  tube co r ros ion .  

One o f  t h e  most common m a n i f e s t a t i o n s  o f  a d e p o s i t i o n  problem i s  reduced hea t  t r a n -  
s f e r  i n  t h e  r a d i a n t  zone o f  a fu rnace.  Decreased heat  t r a n s f e r  due t o  a r e d u c t i o n  
i n  su r face  a b s o r p t i v i t y  i s  a r e s u l t  o f  t h e  combina t ion  o f  r a d i a t i v e  p r o p e r t i e s  
o f  t h e  depos i t  ( e m i s s i v i t y l a b s o r p t i v i t y )  and thermal  r e s i s t a n c e  ( c o n d u c t i v i t y )  o f  
a depos i t .  Thermal r e s i s t a n c e  ( the rma l  c o n d u c t i v i t y  and depos i t  o v e r a l l  t h i c k n e s s )  
i s  u s u a l l y  more s i g n i f i c a n t  because o f  i t s  e f f e c t  on absorb ing  su r face  temperature.  

Prev ious  work has i n d i c a t e d  t h a t  t h e  p h y s i c a l  s t a t e  o f  t h e  depos i t  can have a s ign -  
i f i c a n t  e f f e c t  on t h e  r a d i a t i v e  p r o p e r t i e s ,  s p e c i f i c a l l y  mo l ten  d e p o s i t s  show 
h i g h e r  e m i s s i v i t i e s / a b s o r p t i v i t i e s  than s i n t e r e d  o r  powdery depos i t s  (Ref.  1) .  
A l though t h i n ,  mo l ten  d e p o s i t s  a re  l ess  t roub lesome f rom a heat t r a n s f e r  aspec t  
t h a n  t h i c k ,  s i n t e r e d  d e p o s i t s ,  mo l ten  d e p o s i t s  a re  u s u a l l y  more d i f f i c u l t  t o  remove 
and cause f rozen d e p o s i t s  t o  c o l l e c t  i n  t h e  lower  reaches of  t h e  fu rnace;  phys i ca l  
removal  t hen  becomes a p rob lem f o r  t he  w a l l  b lowers .  

Impedance t o  gas f l ow  i s  t h e  r e s u l t  o f  heavy f o u l i n g  on tubes  i n  t h e  c o n v e c t i v e  
s e c t i o n .  Problems o f  t h i s  t y p e  a re  most l i k e l y  t o  occur  w i t h  coa ls  hav ing  h i g h  
sodium conten ts ,  u s u a l l y  f ound  i n  low  rank  coa l  depos i t s  i n  Western U.S. seams. 
Hard, bonded depos i t s  can occu r  wh ich  a re  r e s i s t a n t  t o  removal by t h e  r e t r a c t  soo t -  
b lowers .  

P h y s i c a l  damage t o  p r e s s u r e  p a r t s  can occu r  i f  l a r g e  d e p o s i t s  have accumulated 
i n  t h e  upper fu rnace and proceed t o  become d i s lodged  o r  b lown o f f  and d rop  on to  
t h e  s lopes o f  t h e  lower  fu rnace.  Such d e p o s i t s  a re  u s u a l l y  cha rac te r i zed  b y  t h e i r  

r e l a t i v e l y  h igh  bonding s t r e n g t h s  and t h e i r  h e a v i l y  s i n t e r e d  s t r u c t u r e .  

1 
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Fireside corrosion can occur on both waterwall and superheater tube surfaces. Normal 
sulfates and pyrosulfates are frequently the cause of waterwall corrosion, although 
reducing conditions can also cause depletion of protective oxide coatings on tube 
surfaces. On higher temperature metal surfaces, (superheaters/reheaters) a1 kal i - 
iron-trisulfates are often the cause o f  corrosion. Chlorine can also be a contri- 
buting factor toward superheater metal corrosion. While exact mechanisms can be 
argued there have been examples of both liquid phase and gas phase corrosion when 
chlorides have been present (Ref. 2 ) .  

Erosion of convective pass tubes, while not a function of deposits, is caused by 
the abrasive components in flyash. Flyash size and shape, ash particle composition 
and concentration, and local gas velocities play important roles concerning erosion 
phenomenon. Recent work has shown that quartz particles above a certain particle 
size are very influential in the erosion process and that furnace temperature 
history plays an important role in determining erosive characteristics of the 
particles (Ref. 3 E 4). 

FUNDAMENTAL CONSIDERATIONS IN ASH DEPOSITION 

The coal ash deposition process is extremely complex and involves numerous aspects 
of coal combustion and mineral t r ans fo rma t ion / reac t i on .  The following all play a 
role in the formation of ash and the depositon process. 

Coal Organic Properties 
Coal Mineral Matter Properties 
Combustion Kinetics 
Mineral Transformation and Decomposition 
Fluid Dynamics 
Ash Transport Phenomena 
Vaporization and Condensation of Ash Species 
Deposit Chemistry - Specie Migration and Reaction 
Heat Transfer To and From the Deposit 

Despite considerable research in these areas, there are many gaps in our fundamental 
understanding of the mechanisms responsible for mineral matter behavior. Although 
substantial knowledge exists concerning the deposition process, the complexity of 
the subject does not allow detailed discussion here. However, the importance of 
furnace operating conditions on the combined results of each of the above areas 
must be stressed. For a given coal composition, furnace temperatures and residence 
times generally dictate the physical and chemical transformations which occur. The 
ash formation process is primarily dependent on the time/temperature history of 
the coal particle. The resultant physical properties of a given ash particle gener- 
ally determine whether it will adhere to heat transfer surfaces. Local stoichio- 
metries can also influence the transformation process and thereby the physical 
characteristics of ash particles; iron-bearing particles are a prime example of 
this. 

Aerodynamics can play a role in the ash deposition process in all furnaces regard- 
less of the type of firing; recent interest in microfine grinding of coal is testi- 
mony to this fact. It has been postulated that smaller ash particles will follow 
gas streamlines and be less likely to strike heat transfer surfaces. This is a 
logical hypothesis for those ash particles that cause deposition due to an impact 
mechanism. In addition to particle size, particle density and shape also affect 
aerodynamic behavior. Molten, spherical particles will be less likely to follow 
gas streamlines than angular or irregular particles of the same mass due to the 
difference in drag forces. 
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Most coal  ash w i l l  r e s u l t  i n  d e p o s i t s  o f  i n c r e a s i n g  s e v e r i t y  w i t h  i n c r e a s i n g  gas 
temperature.  T h i s  i s  n o t  a l i n e a r  r e l a t i o n s h i p ,  as i l l u s t r a t e d  i n  F i g u r e  2, b u t  
r a t h e r  shows a p r o g r e s s i v e l y  more severe ash d e p o s i t  c o n d i t i o n  w i t h  i n c r e a s i n g  
gas temperature (Ref.  5). B o i l e r s  are n o r m a l l y  designed so t h a t  c leanab le ,  s i n t e r e d  
depos i ts  w i l l  be formed. Th is  i s  a reasonable compromise between a very  la rge ,  
economica l l y  u n c o m p e t i t i v e  b o i l e r  t h a t  may produce very  d r y ,  d u s t y  d e p o s i t s  and 
a v e r y  smal l ,  h i g h l y  l o a d e d  b o i l e r  t h a t  would produce molten, r u n n i n g  ash d e p o s i t s .  

The key govern ing  f a c t o r ,  then, i s  de termin ing  how smal l  a f u r n a c e  can be, f o r  
a g iven MW outpu t ,  and s t i l l  r e s u l t  i n  d e p o s i t s  t h a t  a re  c l e a n a b l e  w i t h  conven- 
t i o n a l  soo tb lowing  equipment.  

Because o f  the  c o m p l e x i t y  o f  t h e  ash f o r m a t i o n  and ash d e p o s i t i o n  process, it seems 
l o g i c a l  t o  deal  f i r s t  w i t h  those key  c o a l  c o n s t i t u e n t s  most r e s p o n s i b l e  f o r  ash 
d e p o s i t i o n .  The i r o n  and sodium conten ts  o f  an ash have t y p i c a l l y  been cons idered 
key  c o n s t i t u e n t s .  Techniques have been developed t o  determine how these key con- 
s t i t u e n t s  are c o n t a i n e d  i n  t h e  c o a l ,  i.e., t h e  p a r t i c u l a r  m i n e r a l  forms t h a t  are 
p resent  or the  g r a i n  s i z e  o f  t h e  c o n s t i t u e n t  i n  ques t ion .  Obv ious ly  the  remainder 
o f  the  m i n e r a l  m a t t e r  has an e f f e c t ,  b u t  depending on t h e  c o n c e n t r a t i o n  and fo rm 
i n  which i r o n  and/or sodium c o n s t i t u e n t s  a r e  p r e s e n t ,  t h e  remain ing  m i n e r a l  m a t t e r  
o f t e n  has second o r d e r  e f f e c t s .  

As p r e v i o u s l y  discussed, ash f o r m a t i o n  and the  r e s u l t i n g  ash s i z e  d i s t r i b u t i o n  
i s  extremely complex and i s  dependent on s e v e r a l  f a c t o r s  i n c l u d i n g  i n i t i a l  coa l  
s i z e ,  coa l  b u r n i n g  c h a r a c t e r i s t i c s ,  m i n e r a l  con ten t ,  m i n e r a l  g r a i n  s ize,  v o l a t i l e  
ash species, m e l t i n g  b e h a v i o r  o f  t h e  m i n e r a l  m a t t e r ,  and tempera ture  h i s t o r y  o f  
t h e  p a r t i c l e .  Genera l l y ,  c o a l  c o n t a i n i n g  lower m e l t i n g  m i n e r a l  m a t t e r  has a g r e a t e r  
p o t e n t i a l  f o r  ash agg lomera t ion  as the p a r t i c l e  burns and y i e l d s  fewer ash par -  
t i c l e s  per  coa l  p a r t i c l e  which r e s u l t s  i n  coarser  ash p a r t i c l e s  than those o f  coa l  
w i t h  h i g h e r  m e l t i n g  ash. O b v i o u s l y  t h i n g s  l i k e  ash q u a n t i t y ,  and m i n e r a l  g r a i n  
s i z e s  c o u l d  i n f l u e n c e  t h i s  hypothes is .  The way a c o a l  p a r t i c l e  burns may a l s o  
i n f l u e n c e  t h e  number o f  ash p a r t i c l e s  generated, i .e . ,  a s h r i n k i n g  sphere b u r n i n g  
mode may produce a d i f f e r e n t  r e s u l t  f rom a c o n s t a n t  diameter,  decreas ing  d e n s i t y  
mode of burn ing ;  s w e l l i n g  c o a l s  may behave d i f f e r e n t l y  t h a n  n o n - s w e l l i n g  coa ls .  

I n  r e f l e c t i n g  on t h e  above d iscuss ion ,  i t  becomes apparent t h a t  one cannot com- 
p l e t e l y  d i v o r c e  t h e  p r e d i c t i v e  techn iques  employed, f rom t h e  p a r t i c u l a r  coa l  
b u r n i n g  a p p l i c a t i o n .  P u l v e r i z e d  c o a l  f i r i n g  w i l l  r e q u i r e  a s e n s i t i v i t y  t o  d i f f e r e n t  
c o n d i t i o n s  than s t o k e r  f i r i n g ,  o r  a s l a g g i n g  combustor. F a i l u r e  t o  address t h e  
s p e c i f i c  c o n d i t i o n s  i n h e r e n t  i n  each t y p e  o f  f i r i n g  system w i l l  l e a d  t o  lower 
r e s o l u t i o n  i n  o n e ' s  p r e d i c t i v e  a b i l i t i e s  than des i red .  

ASSESSMENT OF TRADITIONAL PREDICTIVE METHODS 

ASTM measurements such as ash f u s i b i l i t y  (D1857) have formed t h e  b a s i s  f o r  t r a d i -  
t i o n a l  ash behav io r  p r e d i c t i v e  techn iques .  These bench-scale t e s t s  p r o v i d e  r e l a t i v e  
i n f o r m a t i o n  on a f u e l ;  t h i s  i s  used i n  a compara t ive  f a s h i o n  w i t h  s i m i l a r  da ta  
on f u e l s  o f  known b e h a v i o r .  U n f o r t u n a t e l y ,  t h e  commonly used t e s t s  do n o t  always 
p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  t o  p e r m i t  accura te  comparison. 

The f u s i b i l i t y  tempera ture  measurement techn ique a t tempts  t o  r e c o g n i z e  t h e  f a c t  
t h a t  m i n e r a l  m a t t e r  i s  made up o f  a m i x t u r e  o f  compounds each h a v i n g  t h e i r  own 
m e l t i n g  p o i n t .  As a cone o f  ash i s  heated some o f  t h e  compounds m e l t  b e f o r e  o t h e r s  
and a m i x t u r e  of me l ted  and unmel ted m a t e r i a l  r e s u l t s .  The s t r u c t u r a l  i n t e g r i t y  
o r  de format ion  o f  t h e  t r a d i t i o n a l  ash cone changes w i t h  i n c r e a s i n g  temperature as more 
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of the minerals melt. However, more recent results indicate that significant 
melting/sintering can occur before initial deformation is observed (Ref. 6 ) .  The 
fact that the time/temperature history of laboratory ash is quite different from 
conditions experienced in the boiler can result in difference in melting behavior. 
In addition, the ash used in this technique may not represent the composition of 
ash deposits that actually stick to the tube surfaces. Often there is a major dis- 
crepancy between the composition of as-fired ash and that which is found as deposits 
(See Table I ) .  This is a major criticism of the ash fusibility temperatures. The 
discrepancies between fusibility temperature predictions and actual slagging per- 
formance is usually greater on ashes that may look reasonably good based on 
fusibility temperature results. One can usually assume, with reasonable confidence, 
that the melting temperature of the waterwall deposits will be no higher than ASTM 
fusibility temperatures; but deposit melting temperatures can be and are often lower 
than ASTM melting temperatures. This is because selective deposition of lower 
melting constituents can and does occur; hence there is an enrichment of lower 
melting material in the deposit. 

Ash viscosity measurements suffer similar criticism to the fusibility measurements. 
These tests are conducted on laboratory ash and on a composite ash sample. Viscosity 
measurements are less subjective and more definitive than fluid temperature deter- 
mination for the assessment of ash flow characteristics. However, these measurements 
reflect the properties of a totally dissolved solution of ash constituents and may 
not be representative of slag deposit properties in pulverized coal-fired boilers. 
During pulverized coal firing, a severe problem may already exist before slag 
deposits reach the fluid/running state. Generally, only a small quantity of liquid 
phase material exists in deposits and it is the particle-to-particle surface bonding 
which is most important. 

Much use is made of the ash composition which is normally a compilation of the major 
elements in coal ash expressed as the oxide form. From this compilation of elements, 
expressed as oxides, judgements are often made based on the quantity of certain 
key constitutents like iron and sodium. Base/acid ratios are computed and used as 
indicators of ash behavior; normally lower melting ashes fall in the 0.4 to 0.6 
range. It has been shown that base/acid ratios generally correlate with ash 
softening temperatures, so although base/acid ratios have helped explain why ash 
softening temperatures varied, it has not improved predictive capabilities in the 
authors' opinion. Other ratios such as Fe/Ca and Si/Al have been used as indicators 
of ash deposit behavior. Ratios like these have helped to explain deposit character- 
istics, but their use as a prime predictive tool is questionable especially since 
these ratios do not take into account selective deposition nor do they consider 
the total quantities of the constituents present. An Fe/Ca ratio of 2 could result 
from 6/3 or 30/15; the latter numbers would generally indicate a far worse situation 
than the former, but ratios don't show this. 

Many slagging and fouling indices are based upon certain ash constituent ratios 
and corrected using such factors as geographical area, sulfur content, sodium con- 
tent, etc. One commonly used slagging index uses Base/Acid ratio and sulfur content. 
Factoring in sulfur content is likely to improve the sensitivity of this index to 
the influence of pyrite on slagging. (As previously discussed, iron-rich minerals 
often play an important role in slagging.) However, the use of such "correction" 
factors is often a crude substitute for more detailed knowledge of the fundamental 
fuel properties. Another example of this is the use of chlorine content in a coal 
as a fouling index. This can be true if the chlorine is present as NaCl thereby 
indicating the concentration of sodium which is in an active form and that will, 
in fact, cause the fouling. Chlorine 
adversely affect fouling. 

present in other forms may or may not 

197 



S i n t e r i n g  s t r e n g t h  t e s t s  have been used as an i n d i c a t i o n  o f  f o u l i n g  p o t e n t i a l .  
Assuming t h a t  c o r r e c t  ash compos i t ions  have been rep resen ted  (wh ich  i s  l e s s  o f  
a problem i n  t h e  convec t i on  s e c t i o n  than  i n  t h e  r a d i a n t  s e c t i o n )  wor thwh i l e  i n f o r -  
ma t ion  may be ob ta ined  r e l a t i v e  t o  a t ime/ tempera ture  vs. bond ing  s t r e n g t h  
r e l a t i o n s h i p .  I n  o rde r  f o r  s i n t e r i n g  t e s t s  t o  a c c u r a t e l y  p r e d i c t  a c t u a l  behav io r  
i t  i s  necessary t h a t  t e s t s  be conducted  w i t h  ash produced under r e p r e s e n t a t i v e  
fu rnace  c o n d i t i o n s  ( t ime- tempera tu re  h i s t o r y ) .  F o u l i n g  behav io r  i s  o f t e n  g r e a t l y  
i n f l uenced  by sodium r e a c t i o n s .  Sodium which vapor i zes  i n  t h e  f u r n a c e  can condense 
i n  downstream convec t i on  s e c t i o n s  the reby  c o n c e n t r a t i n g  on f l y a s h  su r faces .  Par-  
t i c l e  sur face  r e a c t i o n s  a r e  p r i m a r i l y  r e s p o n s i b l e  f o r  convec t i on  d e p o s i t  bonding. 

I n  summary, t r a d i t i o n a l  methods f o r  p r e d i c t i o n  ash d e p o s i t  c h a r a c t e r i s t i c s  a re  
h e a v i l y  based upon ash chemis t r y .  These convec t i ona l  ana lyses  do n o t  p r o v i d e  d e f i n -  
i t i v e  i n f o r m a t i o n  concern ing  t h e  m i n e r a l  forms p resen t  i n  t h e  c o a l s  and t h e  d i s t r i -  
b u t i o n  of i n o r g a n i c  spec ies  w i t h i n  t h e  coa l  m a t r i x .  Such i n f o r m a t i o n  can be e x t r e -  
mely impor tan t  i n  e x t r a p o l a t i n g  p r e v i o u s  exper ience,  s i n c e  the  n a t u r e  i n  which 
t h e  i no rgan ic  c o n s t i t u e n t s  a re  con ta ined  i n  t h e  coa l  can be t h e  de te rm in ing  f a c t o r  
i n  t h e i r  behav io r  d u r i n g  t h e  ash d e p o s i t i o n  process .  

ASSESSMENT OF NEW PREDICTIVE TECHNIQUES 

Genera l l y  speak ing  t h e  newer bench s c a l e  p r e d i c t i v e  techn iques  a re  f a r  more sens i -  
t i v e  t o  t h e  c o n d i t i o n s  t h a t  e x i s t  i n  commercial f u rnaces  than  t h e  o l d e r  p r e d i c t i v e  
methods. S e l e c t i v e  d e p o s i t i o n ,  f o r  example, has been recogn ized  as a phenomenon 
which cannot be i gnored.  More a t t e n t i o n  i s  b e i n g  p a i d  t o  fundamenta ls  o f  t h e  ash 
fo rma t ion  and d e p o s i t i o n  processes. New t o o l s ,  such as Scanning E l e c t r o n  Microscopy 
(SEM), are be ing  cons ide red  as ways t o  improve p r e d i c t i v e  c a p a b i l i t i e s .  Other,  
more s p e c i a l i z e d  bench s c a l e  appara tuses  a r e  b e i n g  developed t o  s i m u l a t e  i m p o r t a n t  

' aspects o f  commercial c o n d i t i o n s  and p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on parameters 
t h a t  i n f l u e n c e  bond ing  s t r e n g t h .  

Recent work has shown t h a t  p u l v e r i z e d  coa l ,  i f  separa ted  b y  g r a v i t y  f r a c t i o n a t i o n ,  
can y i e l d  impor tan t  i n f o r m a t i o n  r e l a t i v e  t o  s l a g g i n g  p o t e n t i a l  due t o  t h e  i r o n  
con ten t .  (Ref .  6, 7 ) .  R e s u l t s  o f  t h i s  work have shown t h a t  t h e  percentage o f  i r o n  
i n  t h e  heavy f r a c t i o n s  c o r r e l a t e s  v e r y  w e l l  t o  t h e  s l a g g i n g  behav io r  i n  commercial  
b o i l e r s .  (See F i g u r e  3 ) .  T h i s  techn ique  appears t o  i d e n t i f y  t h e  p r o p o r t i o n  o f  
r e l a t i v e l y  pure  p y r i t e s  p a r t i c l e s  t h a t  a re  genera ted  i n  t h e  p u l v e r i z e d  coa l  f eed  
and t h a t  a r e  capab le  o f  m e l t i n g  a t  r e l a t i v e l y  l ow  tempera tures  and t h a t  would ac- 
count  f o r  enr ichment  o f  i r o n  i n  lower  fu rnace  wa te rwa l l  d e p o s i t s .  

A method f o r  measur ing  a c t i v e  a l k a l i e s  has been developed as a means f o r  improved 
p r e d i c t i o n  of f o u l i n g  p o t e n t i a l  (Ref .  8 ) .  P rev ious  wisdom h e l d  t h a t  f o u l i n g  po ten-  
t i a l  was d i r e c t l y  r e l a t e d  t o  t h e  t o t a l  sodium con ten t .  Much o f  t h i s  e a r l y  work 
was done on low rank  c o a l s  i n  wh ich  case i t  was n o t  uncommon f o r  a l l  o f  t h e  a l k a -  
l i e s  t o  be p resen t  as an a c t i v e  sodium fo rm (Ref .  9 ) .  However, t h e r e  were many 
occasions where the  f o u l i n g  p o t e n t i a l  was n o t  adequate ly  p r e d i c t e d  b y  t h e  t o t a l  
sodium conten t .  (Tab le  I 1  p r o v i d e s  some examples o f  anomalous f o u l i n g  behav io r . )  
The mechanism p o s t u l a t e d  f o r  sod ium- re la ted  f o u l i n g  was one o f  a vapor i za t i on /con -  
densat ion  mechanism. S imple  forms o f  sodium compounds r e s u l t e d  i n  t h e  v a p o r i z a t i o n  
of sodium i n  t h e  r a d i a n t  zone o f  t h e  fu rnace  where peak tempera tures  a re  generated. 
Subsequent condensat ion  o f  t h e  sodium on t h e  r e l a t i v e l y  c o o l  t ube  su r faces  e f f e c t e d  
a process f o r  d e p o s i t i o n  o f  sodium. Sodium i s  a known, e f f e c t i v e  f l u x i n g  agent 
t h a t  can c r e a t e  hard, bonded d e p o s i t s .  The re fe renced  method r e l i e d  on the  use 
O f  weak a c i d  t o  p r e f e r e n t i a l l y  l each  o u t  sodium f rom s imp le  compounds l i k e  NaCl 
and/or o rgan ica l l y -bound  a l k a l i  as would be p resen t  i n  many o f  t h e  l ower  rank  
coa ls .  Th is  method g i v e s  r e s u l t s  t h a t  c o r r e l a t e  w e l l  w i t h  f i e l d  performance on 
coa ls  hav ing  s i g n i f i c a n t  sodium con ten ts  (See Tab le  11). 
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The use of new analytical techniques promises to give results that allow mineral 
matter to be identified according to compositiob mineral form, distribution within 
the coal matrix, and grain size. 

Techniques such as computer-controlled scanning electron microscopy (CCSCM) trans- 
mission electron microscopy (STEM),  X-ray diffracton can be used to characterize 
these properties on individual particle by particle basis. New spectroscopies such 
as extended X-ray absorption of fine structure spectroscopy (EXAFS), and electron 
energy loss spectroscope, (EELS) are capable of determining electronic bonding 
structure and local atomic environment for organically associated inorganics like 
calcium, sodium and sulfur. Other new techniques such as Fourier transform infrared 
spectroscopy (FTIR), electron microprobe, electron spectroscopy for chemical 
analysis (ESCA), etc. all provide methods of improving present capabilities. By 
development and application of these techniques a much better fundamental assessment 
of coal mineral matter behavior is possible. The authors believe these results, 
coupled with those of other existing methods, can make a significant improvement 
to predictive capabilities. 

AREAS OF UNCERTAINTY 

Prediction of ash deposit characteristics based solely on bench-scale fuel pro- 
perties always requires substantial judgement and allows only a certain level of 
confidence. As discussed, the ash deposition process is so complex that detailed 
modelling of commercial systems based on fundamental data is presently unrealistic. 
However, current techniques can provide relative data which in most cases is suf- 
ficient to make accurate assessment of slagging and fouling potentials relative 
to other fuels. 

There remains many areas of uncertainty where experienced judgements must fill the 
gap between good laboratory results/predictions and boiler design decisions. One 
of these areas concerns the extent of deposit coverage in a boiler. Though the fuels 
researcher may adequately characterize a given coal ash in terms of its potential 
deposit effects, he is often at a loss to adequately describe the extent of coverage 
of deposits in the boiler. It is necessary to accurately describe furnace conditions 
in order to assess resulting deposits in particular boiler regions. Though some 
good work is underway in this area, the question of bonding strength and clean- 
ability remains a problem as far as its prediction from bench scale tests. Though 
some good correlations have been developed between iron content of heavy gravity 
fractions and slagging, there does not exist a bench scale technique that can 
simulate what the ash deposit composition shall be when burned in a commercial 
boiler. 

It is possible to increase the level of confidence for prediction of deposit effects 
by conducting pilot-scale combustion studies in test rigs which more closely 
simulate the conditions present in commercial boilers. Combustion testing allows 
evaluation of the ash formation and deposition process and permits detailed char- 
acterization of deposits generated. Results can allow determination of deposit 
characteristics as a function of fundamental boiler design parameters (such as gas 
temperature, velocity, etc.). Combustion test rigs also serve as valuable tools 
for assessment of fuels with very unusual properties and can significantly reduce 
uncertainties in extrapolation of their behavior from past experience. 

Whenever test results are assessed and used to establish boiler design parameters, 
the representativeness of the test sample must be carefully considered. The degree 
of variability in the coal deposit and its impact on the day-to-day fuel properties 
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a r e  very impor tan t  f a c t o r s  which must be eva lua ted .  Judgements a re  a l s o  r e q u i r e d  
on long te rm coa l  supp ly  p r o p e r t i e s .  

I n  summary, i t  can be s t a t e d  t h a t  t he  ash f o r m a t i o n  and d e p o s i t i o n  process  i s  n o t  
f u l l y  understood. T r a d i t i o n a l  ASTM ana lyses  do n o t  always p r o v i d e  i n f o r m a t i o n  t h a t  
can be used t o  make p r e d i c t i v e  judgements a t  t h e  con f idence  l e v e l s  des i red .  Newer 
techniques have been deve loped and a re  be ing  developed t h a t  a r e  more s e n s i t i v e  
t o  the  c o n d i t i o n s  t h a t  e x i s t  i n  t h e  b o i l e r  environment,  and t h a t  recogn ize  t h e  
he te rogene i t y  o f  t h e  i n o r g a n i c  c o n s t i t u e n t s  i n  the  coa l  m a t r i x .  There appears t o  
be a r e c o g n i t i o n  t h a t  no one t e s t  can adequate ly  desc r ibe  coa l  ash behav io r ;  a 
combina t ion  o f  t e s t s ,  each des igned t o  focus  on a p a r t i c u l a r  aspec t  o f  ash behav io r  
seems t o  be a l o g i c a l  approach. Based on t h e  r e s u l t s  f rom many o f  t hese  newer 
t e s t s ,  on c o a l s  t h a t  a r e  p r e s e n t l y  be ing  burned i n  e x i s t i n g  u n i t s ,  t h e  au thors  
f e e l  c e r t a i n  t h a t  s i g n i f i c a n t  improvements have been made i n  p r e d i c t i n g  ash 
behav io r .  
people,  t o  t h e  i d e a  o f  s t a n d a r d i z i n g  some o f  t h e  newer p r e d i c t i v e  techn iques  and 
i n c o r p o r a t i n g  them as supplements t o  e x i s t i n g  ASTM t e s t s .  
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FIGURE 1 

EFFECT OF COAL PROPERTIES ON FURNACE SIZE 
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FIGURE 2 
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TABLE I 

ENRICHMENT OF IRON I N  BOILER WALL DEPOSITS 
COMPARISON.OF COMPOSITION OF ASH 
DEPOSITS AND AS-FIRED COAL ASHES 

U N I T  

SAMPLE 

1 

AS-FIRED WATERWALL 
COAL ASH DEPOSIT 

- 

Ash Composi t ion 
Si02 

A1203 
Fe203 
CaO 

MgO 
Na20 

TiOp 
K2° 

so 3 

47.0 33.3 
26.7 18.0 
14.6 43.5 
2.2 1.2 
0.7 0.5 
0.4 0.2 
2.3 1.6 
1.3 0.8 
1.1 0.5 

2 

AS-FIRED WATERWALL 
COAL ASH DEPOSIT 

50.2 55.1 
16.9 14.6 
5.9 18.3 

12.8 7.2 
3.5 2 .o 
0.6 0.5 
0.8 0.6 
0.9 0.8 
12 .o 0.1 

TABLE 2 ANALYTICAL DATA ON us. COALS 

b n h  L*nitW 
R* N. Dakota 
(Dry Basis) 
Volatile ...................... 44.4 
Fixed C ..................... 46.0 
Ash ......................... 9.6 
HHV (6tu/lb) (Dry Basis) .... 10640 
Ash Fusibility 

1.0. ('F) ................... 2130 
S.T. ....................... 2180 
H.T ........................ 2190 
F.T. ....................... 2200 

SiO, (%). .................. 200 
A1,03 ..................... 9.1 
Fe,O, ..................... 10.3 
CaO ....................... 22.4 

I MgO ...................... 6.4 
Na@ ...................... 5.0 

1 K,O 0.5 
Tr0 ....................... 0.4 
so3 ............. . . 21.9 

Ash Composition 

....................... 

b 
Total alkali. $6. ash basis 

Na fl. ..................... 5.0 
K@ ....................... 0.5 

N a p  ...................... 5.58 
K@ ....................... - 
Na@ ...................... 112% 
K@ ....................... - 

Soluble Alkali. 96. ash basis 

Relative Soluble Alkali. % 

Sub B 
Montmu 

42 2 
52 0 
5 6  

12130 

1980 
2020 
2060 
2170 

33 9 
11 4 
108 
21 0 
2 7  
5 8  
1 6  
0 7  

12 0 

5 8  
1 6  

6 45 - 

111% - 
nm 

39.6 41.0 
26.9 39.5 
33.5 19.5 
7750 9710 

1940 2150 
2200 2250 
2430 2240 
2610 2530 

62.1 52 3 
15.1 17 4 
3.5 5.3 
6.2 9.4 
0.7 3.2 
3.6 0.9 
2.1 1.2 
0.9 1.2 
6.1 9.6 

3.6 0.9 
1.9 1.2 

3.88 0.71 
0.44 0.00 

108% 79% - 3% 

nm Modantw 

3 

AS-FIRED WATERWALL 
COAL ASH DEPOSIT 

49.7 41.8 
16.5 15.8 
12 .o 28.5 
6.5 9.0 
0.9 0.9 
1.1 0.6 
1.5 0.9 
1.1 0.7 
2.0 0.2 

h B b  
Utah 

41.5 
48.3 
10.2 

12870 

2190 
2270 
2390 
2620 

52.5 
18.9 
1.1 

13.2 
1.3 
3.8 
0.9 
1.2 
6.2 

3.8 
0.9 

1.49 
0.08 

39% 
9% 

hvAb 
hnn 

32.5 
54.0 
13.5 

13200 

2370 
2510 
2560 
2660 

51.1 
30.7 
10.0 
1.6 
0.9 
0.4 
1.7 
2.0 
1.4 

0.4 
1.7 

0.15 - 
38% - 

Limns 
Tsur (Witox) 

38.1 
33.0 
28.9 
8420 

2210 
2300 
2420 
2620 

57.9 
21.8 

3.9 
7.1 
2.1 
0.9 
0.8 
1.1 
4.4 

0.7 
0.8 

0.16 
0.05 

23% 
6% 
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DEPOSIT CONSTITUENT PHASE SEPARATION AND ADHESION 

E.  RAASK 

Technology Planning and Research Division, Cent ra l  E l e c t r i c i t y  Generating Board, 
Kelvin Avenue, Leatherhead, Surrey, UK 

The i n i t i a l  depos i t  ma te r i a l  on coal .  f i r e d  b o i l e r  tubes  
c o n s i s t  l a r g e l y  of s i l i c a t e ,  su lpha te  and iron oxide p a r t i c l e s .  The 
fused s i l i c a t e s  and molten su lpha tes  form immiscible phases a t  h igh  
temperatures f i r s t  on the  micro-scale in i nd iv idua l  p a r t i c l e s  and 
subsequently a s  s epa ra t e  l a y e r s  in the depos i t .  The adhesion of a s h  
depos i t  c o n s t i t u e n t s  t o  b o i l e r  tubes starts with the  smal l  p a r t i c l e  
r e t e n t i o n  a s  a r e s u l t  of the  van der  Waals, e l e c t r o s t a t i c  and l i q u i d  
f i lm  su r face  t ens ion  fo rces .  
between the oxidized metal  surface and iron sa tu ra t ed  l a y e r  of a sh  
depos i t .  

Subsequently a s t rong  bond w i l l  develop 

The pulver ized  coa l  f i r e d  b o i l e r s  a t  e l e c t r i c i t y  u t i l i t y  power s t a t i o n s  
a r e  designed f o r  "dry" ash  opera t ion  where the  bulk  of minera l  mat te r  res idue  is 
removed in t h e  e l e c t r i c a l  p r e c i p i t a t o r s  in the  form of p a r t i c u l a t e  ash .  However, 
i t  is i n e v i t a b l e  t h a t  some depos i t s  of s i n t e r e d  a sh  and semi-fused s l a g  form on 
the  heat exchange tubes  and between 20 and 30 per cent  of coa l  a sh  is discharged 
from the combustion chamber a s  c l i n k e r .  
b o i l e r s  a r e  designed f o r  "wet" a sh  opera t ion  and up t o  80 per cen t  of coa l  a sh  is 
discharged from the  furnace  a s  molten s lag .  

The h igh  temperature cyclone f i r e d  

The build-up of s i n t e r e d  a sh  and fused s l ag  depos i t s  depends c h i e f l y  on 
t h e  r a t e  of a s h  p a r t i c l e  impaction and the  adhesive c h a r a c t e r i s t i c s  of the  
c o l l e c t i n g  su r face .  The i n i t i a l  depos i t  on the  hea t  exchange tubes in pulver ized  
c o a l  f i r e d  b o i l e r s  c o n s i s t s  of a sh  p a r t i c l e s  of diameter ranging from l e s s  than 
0.1 pm t o  100 pm. Subsequently the depos i ted  a sh  may be  re-entrained in the  f l u e  
gas  or it may form f i r s t  a s in t e red  mat r ix  and l a t e r  a fused s l a g  depos i t  c h i e f l y  
by  viscous flow. 
a t  the c o l l e c t i n g  su r face  and subsequently the  depos i t  mat r ix  bonded t o  the 
b o i l e r  tubes  by  adhes ive  fo rces  s u f f i c i e n t l y  s t rong  t o  overcome the  g r a v i t a t i o n a l  
p u l l ,  b o i l e r  v i b r a t i o n  and even tua l ly  the  sootblower je t  impaction. This  work 
sets out t o  examine t h e  adhesive c h a r a c t e r i s t i c s  of d i f f e r e n t  c o n s t i t u e n t s  of t he  
flame heated a sh  and the  formation of s in t e red  depos i t s  and s l a g  bonded t o  the  
h e a t  exchange tubes.  

INITIAL DEPOSIT CONSTITUENTS 

For the  depos i t  formation the  a sh  p a r t i c l e s  must be f i r s t  hdld 

The mineral  mat te r  in coa l  c o n s i s t s  c h i e f l y  of s i l i c a t e ,  su lphide ,  
carbonate spec ie s ,  and ch lo r ides  and organo-metal compounds a s soc ia t ed  with the 
f u e l  substance (1,Z). 
completely,  in t he  pulver ized  coa l  flame ( 3 ) ,  and thus  the  s i l i c a t e  a sh  f r a c t i o n  
of the i n i t i a l  depos i t  c o n s i s t s  of p a r t i c l e s  of v a r i a b l e  amounts of a g l a s sy  
phase and c r y s t a l l i n e  spec ie s  ( 4 ) .  

The s i l i c a t e  mineral  p a r t i c l e s  v i t r i f y  p a r t i a l l y  or 

The su lph ide ,  carbonate ,  ch lor ide  and o rgano lne ta l  spec ie s  d i s s o c i a t e  
The oxides may remain a s  d i s c r e t e  p a r t i c l e s ,  c h i e f l y  and oxidize in t he  flame. 

iron oxide (magnet i te ) ,  can d i s so lve  in the  g l a s sy  phase of s i l i c a t e s ,  and a 
f r a c t i o n  of calcium and sodium oxides a r e  sulphated (5) .  Thus t h e  i n i t i a l  
depos i t  ma te r i a l  w i l l  conta in  some calcium, sodium and potassium su lpha te .  
l a t t e r  o r i g i n a t e s  from the  r e l ease  of potassium in the  flame heated alumino- 
s i l i c a t e  p a r t i c l e s  (6).  

The 
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The r e l a t i v e  concent ra t ions  of flame hea ted  a sh  c o n s t i t u e n t s ,  namely 
s i l i c a t e s ,  i r o n  oxide and su lpha te  can be es t imated  from the  a sh  a n a l y s i s .  
However, the composition of the i n i t i a l  depos i t  m a t e r i a l  can be  markedly 
d i f f e r e n t  a s  a r e s u l t  of s e l e c t i v e  depos i t i on .  I n  p a r t i c u l a r ,  t he  depos i t  
ma te r i a l  can be enriched i n  su lpha te  as shown in Fig. 1. The r e l a t i v e  
concent ra t ions  of d i f f e r e n t  depos i t  cons t i t uen t s  were obtained by ana lys ing  the  
ma te r i a l  on a cooled meta l  tube probe in se r t ed  i n  b o i l e r  f l u e  gas f o r  s h o r t ,  2 t o  
15 minute dura t ion  (7). The su lpha te  conten t  of the f l u e  gas borne a s h  and probe 
depos i t s  i n  a cyclone f i r e d  b o i l e r  w a s  h igher  than t h a t  in t he  pulver ized  coa l  
f i r e d  b o i l e r  ash  and depos i t s .  
s i l i c a t e  ash  i s  discharged a s  molten s l a g  b u t  t he  r e s i d u a l  a sh  is r e l a t i v e l y  r i c h  
in su lpha te .  

This was because in cyclone b o i l e r s  t he  bulk  of 

The r a t e  of a l k a l i - m e t a l  su lpha te  depos i t i on  w i l l  decrease  when the  
temperature of c o l l e c t i n g  t a r g e t  sur face  exceeds 1075 K a s  shown i n  Fig.  2. The 
decrease in the  depos i t i on  of a l k a l i - m e t a l  su lpha te s  is r e l a t e d  t o  t h e  
concent ra t ion  of the  v o l a t i l e  a l k a l i - m e t a l s  i n  t h e  f l u e  gas  and the  s a t u r a t i o n  
vapour pressure  of sodium and potassium su lpha te s  (8).  The i n i t i a l  depos i t  on 
cooled su r faces  conta ins  a small  amount of ch lo r ide  as shown in Fig .  2. 

I n  a reducing atmosphere the  depos i t  ma te r i a l  may conta in  i r o n  su lphide  
(FeS) formed on d i s s o c i a t i o n  of coa l  p y r i t e  mineral .  This i s  l i k e l y  t o  occur on 
t h e  combustion chamber wal l  tubes near the  bu rne r s  where the  r e a c t i o n  time is 
s h o r t ,  below one second, f o r  ox ida t ion  of FeS r e s idue  t o  the  oxide.  It has  been 
suggested t h a t  calcium su lphide  (Cas) may a l s o  b e  present  i n  t h e  a sh  ma te r i a l  
depos i ted  from a reducing atmosphere gas stream as a r e s u l t  of su lph ida t ion  of 
calcium oxide ( 9 ) .  

THERMAL STABILITY OF SULPHATES AND IMMISCIBILITY WITH SILICATES 

Bituminous coa l s  u sua l ly  leave a h igh ly  s i l i c i o u s  a s h  on combustion. 
That is, fused a lumino-s i l ica tes  c o n s t i t u t e  a n  a c i d i c  media a t  high temperatures 
t h a t  i s  capable of absorbing l a r g e  q u a n t i t i e s  of b a s i c  meta ls  i n  the  form of 
oxides ,  c h i e f l y  those of sodium, calcium and magnesium. A t  lower temperatures 
the  corresponding su lpha tes  a r e  thermodynamically more s t a b l e  in the  presence of 
sulphur gases.  The equi l ibr ium d i s t r i b u t i o n  of a l k a l i n e  oxides  between molten 
su lpha te s  and fused s i l i c a t e s  a t  d i f f e r e n t  temperatures can be ca l cu la t ed  from 
the  appropr ia te  thermodynamic da ta .  However, t h e  res idence  t i m e  of t he  flame 
borne mineral  spec ie s  before  depos i t ion  i s  shor t  and the  a l k a l i - m e t a l  
d i s t r i b u t i o n  does not reach the  equi l ibr ium s t a t e .  

The fused s i l i c a t e  p a r t i c l e s  w i l l  absorb the  flame v o l a t i l i z e d  sodium 
t o  the  depth of about 0.05 pm (10). and t h e  remainder is converted t o  su lpha te  
p a r t l y  i n  the  f l u e  gas  and p a r t l y  a t  the sur face  of a sh  p a r t i c l e s .  The 
d i s t r i b u t i o n  of sodium in the  s i l i c a t e  and su lpha te  phases can be  expressed  i n  a 
form: 

where msil + msul = m 

... 1) 

... 2) 

msul and m denote the  amount of sodium i n  s i l i c a t e  and su lpha te  f r a c t i o n s ,  
::j1;he t o t a l  so8ium i n  a s h  r e spec t ive ly ;  k is a cons tan t  and w i s  the  a sh  
conten t  of coa l .  When the  sodium t o  ash  r a t i o  is below 1 t o  100 the  bu lk  of 
sodium is  captured by the s i l i c a t e  p a r t i c l e s  and equat ion  2 reduces to :  
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... 3 )  m s i 1  = mo 

and consequently the  amount of sodium a v a i l a b l e  f o r  the  formation of su lpha te  is 
s m a l l .  

The molten sodium sulphate/sodium s i l i c a t e  system of composition 
Na2S0,/Na20-Si02 has  one l i q u i d  phase a t  1475 K, b u t  a s  t he  propor t ion  of s i l i c a  
inc reases ,  the  melt  s e p a r a t e s  i n t o  two l a y e r s  (11,lZ).  The change from the  
misc ib le  t o  immiscible phase of the  system hss been explained by a l t e r a t i o n s  in 
t h e  s i l i c a t e  s t r u c t u r e  a s  the  r a t i o  of Na20 t o  S i 0 2  decreases.  I n  more b a s i c ,  
less v iscous  melts, t h e  s i l i c a t e  ions e x i s t  in the  form of ~ 0 , ~ -  t e t rahedrons  
which have the  same mob i l i t y  a s  su lpha te  ions, and thus homogeneity of  t he  system 
is t o  be  expected. As the  s i l i c a  content is increased  the  complexity of the  
s i l i c a t e  s t r u c t u r e  reaches  a po in t  where t h e  s i l i c a  an ions  become r e l a t i v e l y  
immobile f o r  a sepa ra t ion  of su lpha te  from s i l i c a  to  take  place.  

The m i s c i b i l i t y  of the  corresponding potassium su lpha te - s i l i ca t e  system 
has  been s tud ied  by  t h e  usua l  c ruc ib l e  method as w e l l  as by a technique of a 
hanging d rop le t  (13). The d r o p l e t s  of potassium s u l p h a t e / s i l i c a t e  mixtures ,  3 mm 
i n  diameter,  were suspended from 0.5 mm platinum wire which had a semi-spherical  
head 1.5 mm in diameter .  Separa t ion  of t he  s i l i c a t e  ( i n t e r n a l )  and su lpha te  
phases in the  d r o p l e t s  can be observed d i r e c t l y  in the  L e i t z  hea t ing  microscope 
which is used, in i t s  convent iona l  mode of opera t ion ,  t o  a s ses s  t h e  fus ion  
c h a r a c t e r i s t i c s  of c o a l  a shes  (14) .  Fig.  3 shows the two phase sepa ra t ion  of 
2K S04-K20-2.1Si02 system a t  1575 K where the  ou t s ide  envelope is the t ransparent  
su lpha te  phase through which the  platinum w i r e  hea t s  ( top )  and a globule of 
molten s i l i c a t e  (bottom) can be  seen. As the temperature was increased  t o  1725 K 
t h e  two phases became misc ib l e  because of the  increased  s o l u b i l i t y  of su lpha te  in 
t he  s i l i c a t e  melt  a t  t h e  h igher  temperature.  

t h e  system is misclfble a t  1375 K when the molar r a t i o  of K20 t o  S i O q  is above 
0.5. As in the  corresponding sodium sulphate/sodium s i l i c a t e  system, l e s s  b a s i c  
m e l t s  s epa ra t e  i n t o  two immiscible l i q u i d s .  This  is t he  case wi th  most coa l  ash  
s l a g s  where the  molar r a t i o  of b a s i c  oxides  (sum of  Na 0, K20, CaO and MgO) t o  
SiOz is w e l l  below 0.5. Exceptions t o  t h i s  a r e  the  sohum and calcium r i c h  ashes 
of some l i g n i t e  and non-bituminous c o a l s ,  which can  have s u f f i c i e n t  amounts of 
a l k a l i s  t o  form a s i n g l e  phase m e l t  of misc ib le  su lpha te s  and s i l i c a t e s  a t  high 
temperature 8 .  

The K SO -K20-Si0 phase diagram is depic ted  i n  Fig. 4 which shows t h a t  

ADHESION BY VAN DER WAALS AND ELECTROSTATIC FORCES 

The ash  p a r t i c l e s  depos i ted  on b o i l e r  tubes a r e  i n i t i a l l y  held in place 
b y  sur face  fo rces ,  i.e. van de r  Waals and e l e c t r o s t a t i c  a t t r a c t i o n  forces .  
Van der Waals fo rces  become important when molecules o r  s o l i d  su r faces  a r e  
brought c lose  toge ther  without a chemical i n t e r a c t i o n  tak ing  p lace .  For a 
hemispherical  p a r t i c l e  of r a d i u s  ( r )  he ld  at a d i s t ance  of nea res t  approach (h)  
from a p lane ,  the  r e s u l t a n t  f o r c e s  (F) is given  by: 

Ar 
6 h2 

F = -  ... 4) 

where A i s  the Hamaker cons tan t  (15) .  

Equation 4 a p p l i e s  over s h o r t  d i s t a n c e s ,  up t o  150 A (1.5 x m) and 
f o r  longer d i s t ances  t h e  " re ta rded"  van d e r  Waals fo rces  decay r a p i d l y  (16). An 
equat ion  based on the d i e l e c t r i c  p r o p e r t i e s  of s o l i d s  f o r  the r e t a rded  
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van der Waals fo rces  (F ' )  between a sphere of r ad ius  ( r )  a t  the  d i s t a n c e  (h)  from 
a f l a t  sur face  is (17): 

... 5 )  

where B is the  appropr i a t e  cons tan t  f o r  the given ma te r i a l .  

The changeover from the  unretarded t o  re ta rded  van de r  Waals fo rces  
occurs a t  a d i s t ance  of about 150 A (1.5 x m ) ,  and the  corresponding value 
of the Hamaker cons tan t  (A)  i n  equat ion  4 was found to  be N (Newton). and 
t h a t  of the L i f s h i t z  cons tan t  (B) i n  equat ion  5 was 8.9 x N m (16,18).  
These va lues  have been used to  compute the  r a t i o  of van der Waals f o r c e s  t o  the  
g r a v i t a t i o n a l  force  on small  a sh  p a r t i c l e s  approaching a f l a t  su r f ace .  

The g r a v i t a t i o n a l  force  (Fg) on an a sh  p a r t i c l e  of r ad ius  ( r )  and the 
dens i ty  (D) i s  given by: 

... 6 )  

where g is  the  g r a v i t y  acce le ra t ion  cons tan t  (9.81 m a-2). 
(Fr )  of the sho r t  d i s t ance  van der Waals fo rces  (F) t o  the g r a v i t a t i o n a l  force  
(Fg) on a p a r t i c l e  is: 

Thus, the  r a t i o  

... 7 )  

where the  value of D f o r  ash  was taken t o  be  2500 kg m-3 and when 
h < 1.5 x m. The corresponding r a t i o  (F r ' )  of the  re ta rded  van de r  Waals 
fo rces  ( F ' )  t o  t he  g r a v i t a t i o n a l  force  is given by: 

where 

on small  
i nd ica t e  

_ =  F' 2B 8.15 
F g F r ' = - =  Dgr2h3 r2h3 

h > 1.5 x m. 

... 8) 

Fig. 5 shows a comparison of van der Waals and the  g r a v i t a t i o n a l  fo rces  
ash p a r t i c l e s  as these  approach a c o l l e c t i n g  sur face .  P l o t s  A and B 
t h a t  the  sub-micron s i zed  p a r t i c l e s  a r e  r e a d i l y  held on a su r face  by 

van der Waals fo rces .  The capture  of small p a r t i c l e s  of a sh  on b o i l e r  tubes  is 
fu r the r  enhanced by  sur face  i r r e g u l a r i t i e s  of oxidized metal  (19) .  Also, i t  has  
been suggested t h a t  an  e l e c t r o s t a t i c  a t t r a c t i o n  force  enhance the t r a n s p o r t  and 
r e t e n t i o n  of sub-micron s ized  p a r t i c l e s  on s t e e l  probes in se r t ed  in t he  f l u e  gas  
of coa l  f i r e d  b o i l e r s  (7,20). 
ash  can have a cohesive s t r eng th  between 5 and 40 times h igher  than  t h a t  formed 
by  sedimentation because p a r t i c l e s  in an e l e c t r i c  f i e l d  have permanent d ipo le  
characteristics which lead  t o  these  be ing  o r i en ta t ed  t o  form a cohes ive  l a y e r  of 
a s h  (21) .  
e l e c t r o s t a t i c  fo rces  of a t t r a c t i o n ,  and sur face  i r r e g u l a r i t i e s  a r e  s u f f i c i e n t  t o  
hold the  sub-micron diameter p a r t i c l e s  on the  sur face  of b o i l e r  t ubes  f o r  the  
subsequent l i q u i d  phase adhesion, and chemical and mechanical bond formation. 

A l a y e r  of e l e c t r i c a l l y  p r e c i p i t a t e d  d e p o s i t  of 

It appears t he re fo re  t h a t  the  combined e f f e c t s  of van de r  Waals and 
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ADHESION BY SURFACE TENSION FORCE 

The format ion  of s t rong  adhesive bonds of enamel coa t ings  and 
g lasa /meta l  s e a l s  on hea t ing  r equ i r e s  the  presence of a l i q u i d  phase ( 2 2 , 2 3 , 2 4 ) .  
The ro l e  of the l i q u i d  f i l m  is t o  provide the i n i t i a l  adhesion of s o l i d  p a r t i c l e s  
a s  a r e s u l t  of su r f ace  tens ion .  The work of adhesion (W,) is given by: 

W, = 1T + ( 1  + COS e) ... 9 )  

where y is the  su r face  tens ion  of the  l i q u i d ,  and 8 is t he  con tac t  angle a t  t h e  
s o l i d l l i q u i d  i n t e r f a c e .  
t he  h ighes t  value: 

With p e r f e c t  wet t ing ,  i .e. when e equa l s  zero ,  Wa has 

wa = 1T + 2y ... 10)  

The work of cohesion of a l i q u i d  (W,) is given by: 

wc - 2 Y  ... 11) 
With wet t ing  l i q u i d s ,  t he re fo re ,  Wa can b e  h igher  than Wc and f a i l u r e  w i l l  
take place wi th in  the  l i q u i d  l a y e r ,  whereas with non-wetting l i q u i d s  the  rup tu re  
occurs a t  the s o l i d / l i q u i d  in t e r f ace .  

Alka l i -meta l  su lpha tea  f requent ly  c o n s t i t u t e  a l i q u i d  phase in a s h  

I n  a reducing  atmosphere and when i n  con tac t  wi th  carbon, 
depos i t s ,  and the  molten su lpha te s  r e a d i l y  wet  and spread on the  sur face  of 
b o i l e r  tubes .  
su lpha tes  a r e  reduced t o  sulphide6 which w e t  and spread on any su r face .  The 
c o e f f i c i e n t  of su r f ace  tens ion  of su lpha tes  is f a i r l y  high, 0.20 N m-l f o r  NapSO4 
and 0 . 1 4  N m-l f o r  K2S04 near t h e i r  r e spec t ive  mel t ing  poin t  temperatures 
( 2 5 , 2 6 ) .  Thus work of cohesion of  molten su lpha te  layer  i n  b o i l e r  depos i t  l a  
between 0 . 3  and 0.4 N m-l  and the  work of adhesion is higher because of a low 
contac t  angle  a t  the  su lpha te / tube  su r face  i n t e r f a c e .  It is therefore  t o  be  
expected and i t  is observed i n  p rac t i ce  t h a t  when the depos i t  is removed, e.g. by 
sootblowing, t he re  remains a f i lm  of su lpha te  adhering t o  b o i l e r  tubes.  The 
sur face  tens ion  of c o a l  a s h  s l ag  has been measured previous ly  by the  s e s s i l e  drop 
method (27)  and a t y p i c a l  value was 0 . 3  N m-l .  
su lpha tes  and thus  t h e  work of adhesion (Equation 9 )  and t h e  cohesive bond 
s t r eng th  are corresponding higher a t  the s l a g / s o l i d  i n t e r f a c e .  

It is about twice t h a t  of 

Only a smal l  amount of l i q u i d ,  about a hundred molecule th i ck  l a y e r ,  is 
s u f f i c i e n t  f o r  t h e  adhes ion  contac t  of sub-micron diameter p a r t i c l e s  (28). In 
the  case of a v o l a t i l e  l i q u i d ,  t h e  equi l ibr ium th ickness  of  the  f i lm ,  and thus 
the  adhesion, v a r i e s  w i th  p a r t i a l  p ressure  of t he  vapour i n  the  surrounding 
atmosphere. When evapora t ion  from s l i q u i d  f i lm  occurs ,  as a r e s u l t  of increased  
temperature,  the  adhes ion  f i r s t  r i s e s  t o  a maximum value due t o  the  meniscus 
e f f e c t  b u t  i t  b reaks  down a s  the f i lm  th ickness  is reduced t o  molecular 
dimensions. However, b e f o r e  the break-down of t he  sur face  tens ion  chemical and 
mechanical bonds may develop between the depos i ted  a sh  and b o i l e r  tube su r face .  

MECHANICAL. AND CHEMICAL BONDING 

Ash depos i t s  on b o i l e r  tubes can be keyed t o  the  su r face  of meta l  oxide 
by mechanical and chemical bonds. Mechanical bonding is enhanced by extending 
sur face  a t  the  i n t e r f a c e  a s  shown i n  Fig. 6a. 
thus  have an  extended su r face  t h a t  is f u r t h e r  increased  by oxida t ion  and chemical 
r eac t ions  between the  oxide  l aye r  and ash depos i t s .  It is t he re fo re  ev ident  t h a t  
a comparatively rough su r face  of b o i l e r  tubes  c o n s t i t u t e  an  anchorage f o r  keying 
a sh  depos i t s  t o  the  h e a t  exchange elements.  

Boi le r  tubes  a r e  not polished and 
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Die tze l  (29) and Sta ley  (30) have proposed t h a t  the  chemical r e a c t i o n s  
a t  a enamel/metal i n t e r f a c e  can be  considered i n  terms of e l e c t r o l y t i c  c e l l s  set 
up between the metals of d i f f e r e n t  electro-chemical po ten t i a l .  
suggested t h a t  cobal t  OK n i cke l  p rec ip i t a t ed  in the  enamel when i n  contac t  wi th  
s t e e l  su r f ace ,  forms shor t -c i rcu i ted  l o c a l  c e l l s  in which i r o n  is the  anode. The 
cu r ren t  flows from i ron  through the  melt  t o  coba l t  and back t o  i ron .  The r e s u l t  
is t ha t  i ron  goes i n t o  so lu t ion ,  the  sur face  becomes roughened, and the  enamel 
ma te r i a l  anchors i t s e l f  i n t o  the c a v i t i e s  aa  shown i n  Fig. 6b. 

It has  been 

The ga lvanic  r eac t ions  w i l l  t ake  p lace  a t  a much f a s t e r  r a t e  i n  the  low 
Viscos i ty  phase of su lpha tes  i n  b o i l e r  depos i t  than  t h a t  i n  h ighly  v iscous  
s i l i c a t e  g l a s s .  However, rap id  r eac t ions  a t  the  tube su r face /depos i t  i n t e r f a c e  
may not be necessary or  appropr ia te  fo r  development of a s t rong  bond between the  
a sh  depos i t  and b o i l e r  tubes.  In meta l /g lass  s e a l  and metal/enamel coa t ing  
technology, the  adhesive bonds formed on hea t ing  have t o  be completed i n  a few 
hours,  whereas those i n  b o i l e r  depos i t s  can form over a period of days o r  weeks. 
The adhesive bond between the metal  sur face  and a s i l i c a t e  ma te r i a l  can be h igh  
when there  is a gradual r a the r  than abrupt  change i n  t h e  g l a s s  phase composition 
near the  in t e r f ace  (31). 

When the ash depos i t  is brought i n  in t ima te  con tac t  with the  sur face  of 
b o i l e r  tubes e i t h e r  by the  ac t ion  of sur face  t ens ion  o r  by t h e  ga lvanic  
r eac t ions ,  the con t ro l l i ng  parameter i n  mechanical bonding is the  s t r e n g t h  of t h e  
g l a s sy  phase a t  the  narrowest c ross  s e c t i o n a l  a rea  of con tac t  c a v i t i e s  (Fig. 6b) .  
The annealed g l a s s  may have a t e n s i l e  s t r eng th  of around 50 MN m-’ g iv ing  a 
maximum bond s t r eng th  of 35 MN m-’. 
s t ronger  or weaker depending on whether the  condi t ions  in the  keying c a v i t i e s  
increase  o r  decrease l o c a l  f laws and r e s u l t a n t  s t r e s s e s .  

However, the  g l a s s  a t  t h e  i n t e r f a c e  may be  

Chemical bonds, covalent o r  i o n i c  a s  ahown i n  Fig. 6c  and d, a t  t he  
metal  oxide/deposit  sur face  a r e  p o t e n t i a l l y  s t rong  wi th  t h e o r e t i c a l  va lues  over 
lo9 N m-*. 
s i z e  of contac t  a r eas  a t  the  in t e r f ace  where the  chemical bonds may be e f f e c t i v e .  
I n  any case ,  t he  cohesive s t r eng th  of the  depos i t  ma t r ix  is t he  l i m i t i n g  f a c t o r  
s ince  i t  is lower than t h a t  of chemical bonds by seve ra l  Orders of magnitude. In  
p rac t i ce ,  t h i s  means t h a t  when a s t rong ly  adhering depos i t  is subjec ted  t o  a 
des t ruc t ive  fo rce ,  e.g. sootblower j e t ,  f a i l u r e  occurs wi th in  the depos i t  ma t r ix  
and there  remains a r e s i d u a l  l aye r  of a sh  ma te r i a l  f i rmly  bonded t o  the  tube 
sur face .  

ADHESION OF ASH DEPOSITS ON FERRITIC AND AUSTENITIC STEELS 

It is, however, impossible t o  es t imate  the  number of s i t e s  and the  

The adhesion bond s t r eng th  of soda g l a s s  on a metal  s u b s t r a t e  has  been  
determined by hea t ing  a g l a s s  d i s c  sandwiched between two meta l  d i s c s  i n  a 
v e r t i c a l  furnace (32). The technique has  been adopted f o r  measuring the  s t r eng th  
of  the adhesive bond developed when a b o i l e r  depos i t  was sandwiched between two 
d i s c s  of f e r r i t i c  o r  a u s t e n i t i c  s t e e l s  (33). The depos i t  ma te r i a l  was taken 
immediately a f t e r  b o i l e r  shut-down from the  superhea ter  tubes of a pulver ized  
coa l  f i r e d  b o i l e r  fue l l ed  with a mixture of East  Midlands, UK coa l s .  The f l u e  
gas temperature i n  the  superhea ter  p r io r  t o  b o i l e r  shut-down w a s  about 1300 K and 
the tube metal temperature was 850 K. The depos i t  ma te r i a l  cons is ted  of 30 per 
cen t  of a lka l i -meta l  su lpha te s  i n  weight r a t i o  of 2 t o  1 of Na2S04 t o  K2S04, t he  
remainder be ing  s i l i c a t e  ash .  A l ayer  of depos i t ,  3 mm th i ck ,  was sandwiched 
between two metal  d i s c s ,  20 mm i n  diameter,  made of b o i l e r  tube s t e e l s  and then 
heated i n  a v e r t i c a l  furnace.  After a time i n t e r v a l  l a s t i n g  from one t o  25 days 
the  bond was ruptured  by applying a t e n s i l e  fo rce  without p r i o r  Cooling. 

The r e s u l t s  i n  Fig.  7 show t h a t  the  s t r eng th  of adhesive bond between 
the  f e r r i t i c  s t e e l  sample and b o i l e r  depos i t  increased  exponen t i a l ly  with 
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temperature in the  range of 775 t o  900 K. Similar r e s u l t s  were.obtained b y  
Moza et a l .  (34) who used a d rop le t  technique t o  measure the  adhesive bond of 
c o a l  ash s l a g  on a f e r r i t i c  s t e e l  t a r g e t  i n  the  temperature range of 700 t o  
950 K. 

The r e s u l t s  p l o t t e d  in Fig. 8 shows t h a t  t h e  s t r e n g t h  of adhesive bond 
of  a sh  depos i t  on bo th  the  f e r r i t i c  and a u s t e n i t i c  s t e e l s  increased  approximately 
l i n e a r l y  wi th  t i m e  a t  900 K. However, t he  bond s t r e n g t h  of depos i t  on the  
a u s t e n i t i c  s t e e l  (Type 18Cr13NiNb) was s i g n i f i c a n t l y  lower than t h a t  between the  
depos i t  and 9 C r - f e r r i t i c  s t e e l .  The l a t t e r  r e su l t ed  from the  thermal and 
chemical compa t ib i l i t y  of the  s t e e l  oxide l a y e r  and depos i t  ma te r i a l  (35) .  Table 
1 shows approximate va lues  of t h e  c o e f f i c i e n t  of thermal expansion of the  
f e r r i t i c  and a u s t e n i t i c  s t e e l s ,  some oxides and s i l i c a t e  ma te r i a l s  (36).  

Table 1: Coef f i c i en t  of Thermal Expansion of Boi le r  Tube S tee l s ,  

Oxides and S i l i c a t e s  

Material Thermal Expansion, @ K-l 

S t e e l s  

Mild S t e e l  and F e r r i t i c  S t e e l s  11 t o  12 x 10-6 

Aus ten i t i c  S t e e l s  16 t o  18 x 

Oxides 

Tube Metal Oxides 8 t o  10 x 

(FegO,,, C r q O j ,  NiO) 

Deposit  Cons t i t uen t s  

Glassy Mate r i a l  6 t o  9 x 

Quar t z  ( C r y s t a l l i n e )  5 t o  8 x 

S i l i c a t e s  in Fired  Brick 7 t o  8 x 

The da ta  in Table 1 show t h a t  the  c o e f f i c i e n t  of thermal expansion of 
mi ld  steel and f e r r i t i c  s t e e l s  is not  g r e a t l y  d i f f e r e n t  from tha t  of t h e i r  oxides 
and the a s h  depos i t  cons t i t uen t s .  It is t he re fo re  ev ident  t h a t  t he re  is no g ross  
incompa t ib i l i t y  i n  t h e  thermal expansion c h a r a c t e r i s t i c s  and s t rong ly  bonded ash  
depos i t s  once formed on mild steel tubes a r e  not e a s i l y  dislodged on thermal 
cyc l ing .  

In  c o n t r a s t ,  t he  thermal expansion of a i l s t e n i t i c  s t e e l  i s  s i g n i f i c a n t l y  
h ighe r  than t h a t  of t h e  oxides  and depos i t  ma te r i a l .  
depos i t ,  the  oxide m a t e r i a l  in the  form of t h i n  l a y e r  is ab le  t o  absorb thermal 
s t r e s s e s  and the adhes ive  l a y e r  remains i n t a c t  on cooling. However, i t  appears 
t h a t  t h e  oxide l a y e r  is unable t o  absorb thermal s t r e s s e s  in a s imi l a r  manner 
when contaminated and cons t ra ined  by bonded a sh  depos i t s .  It is t he re fo re  a 
u sua l  Occurrence t h a t  ash  depos i t s  pee l  of f  the  a u s t e n i t i c  s t e e l  tubes  on cooling 
whereas the  depos i t  formed on f e r r i t i c  s t e e l s  under the  same condi t ions  remain 
f i rmly  a t t ached  t o  t h e  tubes .  

In the  absence of b o i l e r  

! 
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King e t  a l .  (22) have suggested t h a t  i n  order  t o  ob ta in  good adherence 
o f  enamel coa t ings  on me ta l s ,  the enamel ma te r i a l  a t  the  i n t e r f a c e  must become 
sa tu ra t ed  wi th  the  metal oxide,  e.g. FeO of f e r r i t  s t e e l s .  Coal ash  d e p o s i t  on 
b o i l e r  tubes con ta ins  between 5 and 25 per  cent  i r o n  oxide (Fig. 1) and thus  the  
l aye r  a t  the tube /depos i t  i n t e r f ace  becomes s a t u r a t e d  wi th  FeO. The chromium and 
n i c k e l  conten ts  of ash depos i t  a r e  low and thus  the same chemical compa t ib i l i t y  
s t age  is not reached a t  the  a u s t e n i t i c  s t e e l / d e p o s i t  i n t e r f a c e .  

The adhesive bond between b o i l e r  a s h  depos i t  and the  su r face  of 
f e r r i t i c  s t e e l s  can a t t a i n  except iona l ly  h igh  s t r eng ths .  
examining the depos i t s  formed on d i f f e r e n t  s t e e l  specimens t e s t e d  i n  an 
experimental  superhea ter  loop. Favourable cond i t ions  f o r  the  formation of f i rmly  
bonded depos i t s  were a s  follows: 

This was found on 

( a )  The i ron  oxide conten t  of coa l  was above 20 per cen t  expressed a s  FezOg 
g iv ing  an i r o n  sa tu ra t ed  l aye r  of depos i t  on the  tube specimens. 

(b)  The a sh  c o l l e c t i n g  sur face  was a 5 per cen t  chromium f e r r i t i c  s t e e l  
which formed an  oxide l aye r  s t rong ly  adhering t o  meta l  f o r  a f i rm  
anchorage of depos i t s .  

(c )  The tube metal  temperature was h igh ,  950 K ,  which enhanced t h e  
formation of s t rong  adhesive bond. The f l u e  gas temperature a t  t h a t  
pos i t i on  was approximately 1250 K. 

( d )  The f e r r i t i c  test piece i n  the  experimental  loop was she l t e red  from 
d i r e c t  ac t ion  of sootblower. Weak turbulence caused by  the  je t  removed 
some of the uns in te red  s i l i c a  ash  leaving  i ron  r i c h  depos i t  f i rmly  
bonded t o  the tube.  The i ron  r i c h  depos i t  had grown i n  th ickness  t o  
about 20 mm a f t e r  nine months, and cohesive s t r e n g t h  of the  depos i t  
m a t e r i a l  increased  towards the  sur face  of tube metal .  The microscopic 
examination showed t h a t  there  was no marked i n t e r f a c e  boundary between 
the ash  depos i t  and metal  .oxide. 

FORMATION OF LAYER STRUCTURE DEPOSITS AND SLAG MASSES 

The coa l  ash  depos i t s  on b o i l e r  tubes have f r equen t ly  a s epa ra t e  zone 
s t r u c t u r e  with a su lpha te  r i c h  l aye r  up t o  2 mm t h i c k  under the  mat r ix  of 
s in t e red  ash (35). The ou te r  l aye r  is porous and i t  c o n s t i t u t e s  a pathway f o r  
t h e  enrichment of a lka l i -meta ls  i n  the  depos i t  l a y e r  next t o  tube su r face .  The 
d i f fusab le  spec ie s  may be su lpha te ,  ch lo r ide ,  oxide or hydroxide,  b u t  t h e  
thermodynamic d a t a  (8) and the r e s u l t s  of depos i t i on  measurements i n  c o a l  f i r e d  
b o i l e r s  (Fig.  3) suggest t h a t  sodium and potassium su lpha tes  a r e  the  p r i n c i p a l  
vapour spec ies  which d i f f u s e  through a porous mat r ix  of s i l i c a t e  ash depos i t .  

The r e l a t i v e  amounts of NazS04 and KZSO4 which d i f f u s e  through the  
s in t e red  matrix of s i l i c a t e  ash  depend on the  temperature g rad ien t  a c r o s s  the 
depos i t  l aye r ,  vapour pressure  of the  spec ie s  and thermodynamic s t a b i l i t y  of t h e  
su lpha tes  i n  the presence of s i l i c a t e s .  
temperature s t a b i l i t y  l i m i t  when compared with t h a t  of sodium su lpha te  and a s  a 
r e s u l t  K2S0,, can be p r e f e r e n t i a l l y  t ranspor ted  t o  the  su r face  of cooled b o i l e r  
tubes when there  is a s t eep  temperature g rad ien t  ac ross  the  ash  depos i t .  The 
KZS0,, r i c h  phase, when molten, can cause severe cor ros ion  of tube metal. 

Potassium su lpha te  has a h igher  

The cor ros ion  product ,  a mixture of ox ide ,  su lphide  a t  the meta l  
i n t e r f a c e  and su lpha te  ou t s ide ,  has a weak adhesive bond t o  the  metal  sur face  and 
cannot support  l a r g e  depos i t  masses. It is t he re fo re  unusual t o  f ind  excess ive  
amounts of s in t e red  ash  depos i t s  and fused s l a g  i n  the  exac t  l o c a l i t i e s  where 
severe high temperature cor ros ion  occurs .  Conversely, a s t rong ly  adhering ma t r ix  
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of  s in t e red  ash  d e p o s i t  in the  absence of su lpha te ,  su lphide  or  ch lo r ide  phases 
is not markedly co r ros ive .  

The build-up of b o i l e r  tube depos i t s  is a continuously changing process 
as  depicted in Fig. 9. When the  depos i t  ma te r i a l  reaches a th ickness  of 2 t o  
3 mm (Fig.  9a) the  sepa ra t e  su lpha te  and s i l i c a t e  phases occur (Fig.  9b). 
Subsequently,  the  su lpha te  l aye r  d i sappears  in t he  middle sec t ion  (F ig .  9c)  
allowing a s t rong  bond t o  b e  e s t ab l i shed  between the  s i n t e r e d  a s h  depos i t  and 
f e r r i t i c  steel b o i l e r  tubes .  This is t he  " c l a s s i c a l "  mode of formation of  
superhea ter  tube depos i t  when the  metal temperature is in t he  range of 750 t o  
900 K. Above 950 K t h e  l a y e r  s t ruc tu red  depos i t s  a r e  less l i k e l y  t o  occur and a 
s t rong  adhesive bond is r a p i d l y  formed between the  s i l i c a t e  ash  depos i t s  and the 
h igh  t e m p e r a t u r e  tube  sur face .  

A notab le  f e a t u r e  of s l a g  formed in pulver ized  c o a l  f i r e d  b o i l e r  is i t s  
va r i ab le  g a s  hole po ros i ty .  Burning coa l  p a r t i c l e s  a r e  incapsula ted  in t h e  
depos i t  l a y e r  and gene ra t e  CO and C 0 2  i n s i d e  t h e  s i l i c a t e  ma te r i a l  (27) r e s u l t i n g  
in a h ighly  porous s l ag .  The dens i ty  of s l a g  w i l l  i nc rease  when the  encapsulated 
coa l  p a r t i c l e s  a r e  consumed and gas  bubbles have escaped. 

It has been  observed t h a t  new b o i l e r s  have an "immunity" period l a s t i n g  
weeks o r  months b e f o r e  severe  s l ag  build-up occurs .  This  is p a r t l y  due t o  the  
f a c t  t h a t  dur ing  the  commissioning period the  b o i l e r  r a r e l y  reaches  f u l l  load  
output .  However, i t  may a l s o  be p a r t l y  due t o  a slow r a t e  of formation of the  
in t e r f ace  l a y e r  on b o i l e r  tubes  which is ab le  t o  have a s t rong  adhesive bond t o  
r ap id ly  forming a s h  s l a g  and thus ab le  t o  support  l a rge  masses of depos i t .  

CONCLUSIONS 

I n i t i a l  Deposit  

The i n i t i a l  depos i t  ma te r i a l  on cooled tubes  in coa l  f i r e d  b o i l e r s  
c o n s i s t s  l a r g e l y  of flame v i t r i f i e d  s i l i c a t e  a sh ,  iron oxide ,  and calcium and 
a l k a l i - m e t a l  su lpha te s .  
reducing cond i t ions  some iron and calcium su lph ides  can be present .  

Trace amounts of ch lo r ide  w i l l  a l s o  depos i t  and under 

Phase Separa t ion  

Most c o a l s  leave  an ash res idue  which is pyrochemically a c i d i c ,  and the 
a lka l i -meta ls  and calcium a r e  d i s t r i b u t e d  in t he  s i l i c a t e  and su lpha te  phases 
under oxid iz ing  condi t ions .  
immiscible and s e p a r a t e  i n t o  two phases. 
adhesion of ash  t o  b o i l e r  tubes  and l eads  t o  the  formation of l a y e r  s t r u c t u r e d  
depos i t s .  

The fused s i l i c a t e s  and molten su lpha tes  a r e  
The phase sepa ra t ion  enhances the  

I n i t i a l  P a r t i c l e  Adhesion 

I n i t i a l l y  t h e  s m a l l  p a r t i c l e s  of ash ,  below 1 pm in diameter a r e  held 
a t  the su r face  of b o i l e r  tubes  by the  van der  Waals and e l e c t r o s t a t i c  a t t r a c t i o n  
forces .  
su r f ace ldepos i t  i n t e r f a c e  and only a small amount of l i q u i d ,  about one hundred 
molecules t h i c k  is s u f f i c i e n t  fo r  bonding.. 

Subsequently a f i l m  of molten sulphate may form at the  tube 

Strong Adhesive Bond of Deposits on F e r r i t i c  S t e e l s  

Strong adhes ive  bonds can form between the  oxidized su r face  of f e r r i t i c  
steels and i r o n  r i c h  a sh  because of the composition and thermal expansion 
compa t ib i l i t y  of t h e  metal  oxide and s i l i c a t e  a s h  depos i t .  
s t r e n g t h  inc reases  exponen t i a l ly  wi th  temperature of t he  t a r g e t  su r f ace  in the  

The adhesive bond 
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range of 750 t o  950 K. The bond s t r e n g t h  can reach h igh  va lues ,  t h a t  is, higher  
than the cohesive s t r eng th  of s i n t e r e d  ash  depos i t s  a t  temperatures above 850 K. 

Weak Adhesive Bond of Deposits on Aus ten i t i c  S t e e l s  

The adhesive bond between the  a u s t e n i t i c  s t e e l  sur face  and a sh  d e p o s i t  
is r e l a t i v e l y  weak a s  a r e s u l t  of the composition and thermal incompa t ib i l i t y  of 
the steel oxide and the  s i l i c a t e  ma te r i a l .  The temperature f l u c t u a t i o n s  on 
changeable b o i l e r  load condi t ions  can cause s u f f i c i e n t l y  high thermal stresses 
for depos i t  t o  sk id  o f f  the  a u s t e n i t i c  s t e e l  tubes .  

Boi le r  Tube/Ash Deposit  I n t e r f a c e  

The b o i l e r  tube/ash depos i t  i n t e r f a c e  l aye r  which can  suppor t  l a r g e  
masses of s l ag  formed in the  combustion chamber takes  seve ra l  months t o  develop. 
Thus the  f u l l  ex t en t  of b o i l e r  slagging may no t  become evident  during the 
commissioning period of new b o i l e r  p l an t .  
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TWO PHASES AT 1575K 

FIG. 3 2K2S04 - K20 - 2.1 SiOz DROPLET IN HEATING MICROSCOPE (0.5 mm GRID) 
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FIG. 4 MISCIBILITY GAP IN K2SOq-K20-Si02 SYSTEM AT 1575 K 

A,  SINGLE PHASE 6, TWO PHASES C, LIQUID + SOLID SiOz 
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ABSTRACT 

Tests have been conducted i n  a laboratory hot cyclone t o  obta in  an es t imate  of 

t h e  temperature below which spher ica l  g l a s s  p a r t i c l e s  do not form a f i rmly  at tached 

deposi t .  A temperature of 800' to  85OoC, corresponding t o  a v i s c o s i t y  between 6.3 X 
lo5 and 2.9 X IO6 poises ,  as  ca lcu la ted  from the composition of the  g l a s s ,  was 

found. We take t h i s  v i s c o s i t y  t o  be approximately t h a t  of coal  ash above which 

p a r t i c l e s  w i l l  not  depos i t  i n  cyclones of fluidized-bed coal  g a s i f i e r s .  

INTRODUCTION 

A cyclone operat ing a t  temperatures near those of the  f l u i d i z e d  bed of the 

r e a c t o r  has been used i n  the g a s i f i e r  of the  U-GAS" p i l o t  p lan t  t o  remove en t ra ined  

char  p a r t i c l e s  from the  product gas and re turn  them t o  the bed. E s s e n t i a l l y  pure 

coa l  ash has  been found t o  deposi t  i n  t h i s  hot cyclone (1). The depos i t s  have been 

analyzed c h e d c a l l y  and examined by o p t i c a l  and scanning e lec t ron  microscopy. 

Ferrous s u l f i d e  is  responsible  for  deposi t ion under adverse condi t ions,  but 

depos i t ion  of i ron-r ich fe r rous  a luminos i l ica tes  is  the  more ser ious  problem. I n  
depos i t s  from Western Kentucky coal ,  f o r  example, the  s e l e c t i v e  deposi t ion of high- 

i r o n  s i l i c e o u s  p a r t i c l e s  is indicated by an Fe2O3/Al2O3 r a t i o  (ca lcu la ted  a f t e r  

excluding the  iron cont r ibu t ion  of i r o n  s u l f i d e )  ranging from 2.2 t o  4.6 i n  the ash 

of depos i t s ,  compared with a r a t i o  of 1.2 i n  t h e  ash  of the  coal .  

temperature (which.equals p a r t i c l e  temperature) and c y c l o n e v a l l  temperature on the  

depos i t ion  of such p a r t i c l e s  was s tudied i n  a laboratory hot cyclone i n  the  

l a b o r a t o r i e s  of the Mechanical Engineering Department of t h e  Universi ty  of Wisconsin 

a t  Milwaukee (1,2). 

p lan t  deposi ts .  

t h e  p a r t i c l e s  do not form a f i rm deposi t ,  is about 9OO0C when gas and wal l  

temperatures are equal. 

The e f f e c t  of gas 

The p a r t i c l e s  used i n  these  t e s t s  were prepared from p i l o t  

The r e s u l t s  indicated t h a t  t h e  borderl ine temperature, below which 
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We envis ion t h a t  t h e  mechanism of deposi t ion involves viscous or p l a s t i c  flow 

following c o l l i s i o n  of p a r t i c l e  and deposi t ion surface to  c rea te  a neck exer t ing  

enough sur face  tens ion  t o  prevent rebound. We consider t h a t  the main cause of flow 

is impact. Flow dr iven  by sur face  tension,  as  postulated by Raask (3 )  f o r  

deposi t ion of coal  ash  on hea t  exchange sur faces  of b o i l e r s ,  c o n s t i t u t e s  an 

addi t iona l  mechanism leading  t o  f i rm adhesion. Deposition a t  the i n l e t  impingement 

a r e a  in t h e  labora tory  hot cyclone t e s t s ,  massiveness of depos i t s  a t  regions of high 

gas ve loc i ty  and a c c e l e r a t i o n  in or  near the  p i l o t  p lan t  cyclone, and v i r t u a l  

absence of depos i t s  a t  low-gas-velocity regions of the g a s i f i c a t i o n  reac tor  a l l  

ind ica te  t h a t  impact of deposition-prone p a r t i c l e s  plays an important r o l e  i n  the 

mechanism. 

For both mechanisms. however, the e f f e c t  of temperature on deposi t ion can be 

a t t r i b u t e d  t o  change i n  v i s c o s i t y ,  as  sur face  tension does not vary much with 

temperature. I n v e s t i g a t i o n  of the  e f f e c t  of v i s c o s i t y  with ash p a r t i c l e s  Is 
d i f f i c u l t ,  because l i t t l e  is known about the  v i s c o s i t i e s  of iron a luminos i l ica tes  

and ferrous s u l f i d e  a t  temperatures from 850' t o  1O5O0C and, i n  any case, the  ash 

p a r t i c l e s  vary i n  composition and presence of high melting phases. Therefore. we 

have chosen t o  use g l a s s  spheres as  a homogeneous model mater ia l  of known v iscos i ty  

f o r  the s tudy of deposi t ion.  We report  here  a few r e s u l t s  of a prel iminary nature. 

EXPERIMENTAL 

The t e s t  apparatus  c o n s i s t s  of a na tura l  gas burner t o  provide hot f l u e  gas, a 

dus t  feeder ,  and a 9.68-cm I D  cyclone (Figure 1) .  Calculat ions i n d i c a t e  t h a t  the 

residence time of p a r t i c l e s  i n  the  hot f l u e  gas is s u f f i c i e n t  t o  heat  the  p a r t i c l e s  

t o  the  temperature of t h e  f l u e  gas a t  the cyclone entrance. The i n l e t  s e c t i o n  of 

the  cyclone is jacketed t o  allow cooling of the  wal l ;  or a l t e r n a t i v e l y ,  i t  can be 

heated t o  achieve s u b s t a n t i a l l y  equal gas and wal l  temperatures. Temperature 

readings of the  gas dur ing  a run a r e  taken by a bare wire thermocouple pro jec t ing  

i n t o  the gas j u s t  upstream from the i n l e t  s e c t i o n  of t h e  cyclone; it is ca l ibra ted  

before  the  run by an a s p i r a t i o n  thermocouple in the  i n l e t  sect ion.  Temperature of 

the wall is measured by a thermocouple embedded i n  it a t  the  spot where the en ter ing  

gas  impinges, where coherent depos i t s  t y p i c a l l y  form (1.2). 

i n l e t  sec t ion  is smoothed with No. 320-grit emery paper before each test. 
The sur face  of the  

The feed  dust  in these  t e s t s  was suppl ied by t h e  Cataphote Divis ion of Ferro 

Corporation as Class  IV-A uncoated Unispheres of soda-lime g l a s s  i n  a nominal 13- 

44 p diameter. 

s i z e  ranged only between 20 and 51 pm, with 14% g r e a t e r  than 40 p and 3% smaller  

than 25 ym. 

A Coul te r  counter  s i z e  d i s t r i b u t i o n  ana lys i s  ind ica ted  t h a t  the  
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To determine the borderline of deposition we have made a total of nine runs 

with the glass spheres, of which seven were within about 50°C of a borderline region 

obtained by plotting wall temperature against gas temperature (Figure 2) .  

burner was operated to yield an oxidizing atmosphere at rates giving cyclone inlet 

velocities ranging from 30 to 50 fls; these velocities are comparable to those of 

laboratory tests with particles of pilot plant deposits. 

deposits of the spheres were observed at the jet impingement area in three of these 
tests. The results indicate that the borderline for firm deposition with equal gas 

and wall temperatures is between 800' and 85OOC. The slope of the borderline, which 
should depend mostly on the specific heat of the dust, is assumed to be parallel to 

the better-established borderline for the pilot plant deposits. which is also shown 
in Figure 2. In the future. we expect to make additional tests to establish the 
borderline more precisely and to determine the effect of variables such as velocity 
and size of particles. 

The 

Very light but firm 

We have chemically analyzed the glass spheres and from this estimated the 

viscosity at 800' and 850'C by means of the correlation equations of Lyon (4 .5 ) .  

The range of viscosity thus obtained over the above temperature range is 6.3 X lo5 

to 2.9 X lo6 poises. 
softening and working temperatures of glass ( 5 ) .  

DISCUSSION 

This is near the geometric mean of the viscosities at the 

According to Dietzel's correlation of the surface tension of glasses, glazes, 

and enamels with composition ( 6 ) ,  the surface tension of the pilot plant deposits is 
up to about 25% higher than that of the glass used here. Neglecting this difference 

and the effect of particle shape, we may conclude that the effective viscosity of 

the pilot plant deposit for borderline deposition in the laboratory hot cyclone is 

in the range reported above for the glass spheres. In the pilot plant or in a 

commercial plant with w c h  larger cyclones, considerable scale-up is required for 
application of our results. but we think it likely that they apply there also. 
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ABSTRACT 

A drop-tube furnace was designed and constructed for  the purpose of simulating 
the time/temperature environment for  p.c. combustion i n  a u t i l i t y  furnace. The ash  
produced was impacted on oxidized boiler s tee l  coupons a t  gas and metal temperatures 
similar t o  upper furnace waterwall tubes. B o t h  f l y  a sh  and deposits were similar t o  
those of a p i lo t - sca le  (7-9 kg/hr) combustor. Iron-rich s l a g  droplets produced from 
pyrite-rich p.c. par t ic les  bonded strongly with the oxidized s tee l  surface. These 
par t ic le  types were found a t  the base of ash deposits a f t e r  removal of sintered and 
loose ash for  b o t h  eastern and western coals. Adhesion of iron-rich droplets was a 
function of both flame and metal surface temperatures. Also, vo la t i le  species,  i . e . ,  
a1 kal i and exchangeable cations influenced the "sticking" behavior of the iron-rich 
droplets. These trends are in qua l i ta t ive  agreement w i t h  previous st icking t e s t  
resu l t s .  

INTRODUCTION 

All coals contain inorganic matter which i s  converted t o  ash when the coal i s  
burned. The management of t h i s  a sh  consti tutes one of the principal limiting design 
considerations for  a p.c. steam generator. Operational problems occur i f  ash 
deposition and build-up on heat exchange surfaces becomes unmanageable. A s ingle 
day's outage fo r  a n  800 MW u n i t  f o r  ash removal and repair  can cost the u t i l i t y  as 
much as  $600,000 in l o s t  e lec t r ica l  generation (l) .Derating of the boiler system t o  
manage ash deposition problems can cost millions of dollars annually. This 
investigation i s  part of an ongoing research program t o  gain a better fundamental 
understanding of the i n i t i a t i o n  o f  slag deposits on the  upper walls of a boiler 
furnace enclosure. This paper reports on the development of a gas-fired vertical  
muffle tube (drop-tube) furnace as  a new research tool.  

A previous laboratory t e s t ,  the st icking t e s t  (2-7) led t o  a number of 
conclusions concerning the mechanism and chemistry o f  molten slag drop  adhesion to  
oxidized boi le r  s t ee l s .  However, t h i s  t e s t  had several inherent disadvantages. I t  
required the use of comparatively large molten ash drops ( 2  mm in diameter) and 
there was no proof tha t  the  conclusions applied equally well t o  the smaller s ize  
droplets (submicron t o  250 m) produced i n  p.c.-fired furnaces. Also, the large 
drops formed from a coal ash contained a l l  of the constituents of the ash (mean ash 
composition) which cannot accurately simulate the variety o f  mineral associations 
occurring on a particle-by-particle basis i n  a pulverized coal (8). Thus, the 
purpose of the drop-tube furnace was t o  produce coal f l y  ash particles under the 
same time/temperature environment experienced i n  fu l l - sca le  boiler combustion 
followed by impaction on an oxidized boiler steel  coupon simulating a n  upper 
furnace waterwall surface. 

EXPERIMENTAL 

Three Pennsylvania bituminous coal s, designated Keystone, Montour and Tunnel ton 
and a Decker, Montana subbituminous coal were studied i n  t h i s  investigation. All 
a re  current steam coals. Semi-quantitative mineralogical analysis of LTA and 
spectrochemical analysis of ASTM HTA a re  given in Table 1 for the three 

*Current Address: Babcock & Wilcox R & D ,  1562 Beeson St ree t ,  Alliance, OH 44601 

228 



Pennsylvania coals and raw (untreated) and acid washed Decker coal samples. 

Figure 1. I t  consisted of four major component parts:  ( i )  a gas-fired h o t  zone, ( t i )  
a fluid-bed feeding system, ( i i i )  a preheat section and in jec tor ,  and ( iv )  a water- 
cooled ash collector probe. The conditions inside the heated muffle tube simulated 
thosg of a u t i l i t y  furnace combustion zone: (i) maximum gas temperatures of 1500 t o  
1750 C ,  ( i i )  par t ic le  residence times between oge and two seconds, and ( i i i )  ash 
sampling temperatures ranging from 1000 t o  1300 C .  The fluid-bed feeder delivered 
between 0.2 and 0.3 grams of pulverized coal with s l igh t ly  less  than 1 l i t e r  of 
primary a i r  per minute. I n  the preheat section the secondary a i r  stream (roughly 2 
liters/min) was heated t o  about 1000 C before a honeycomb flow straightener 
distributed i t  in streamlines across the muffle tube cross-section. The  cold p . C . /  
primary a i r  mixture was carried by the injector t o  the hot combustion zone. A t h i n  
pencil-like p.c. stream was burned as i t  passed through the heated muffle tube. The 
f ly  ash produced was accelerated and impacted onto a water-cooled boi le r  s tee l  
coupon a t  surface temperatures of 300 t o  450 C .  

The ash deposits were characterized physically by observation under both a 
Zeiss optical and IDS-130 scanning electron microscope (SEM). Chemical character- 
i s t i c s  were determined by energy dispersive x-ray fluorescence equipment 
associated with the SEM. 

RESULTS AND DISCUSSION 

typical ash deposit structure on both a macro and microscale. The t o p  photograph (A) 
shows an ash deposit collected from the raw Decker coal on a Croloy 1/2 s t ee l  coupon. 
The lower optical photomicrograph shows the strongly bonded material remaining on the 
surface a f t e r  the comparatively loosely adhered ash had been brushed away. The opaque 
black droplets are rich in iron (85 t o  100 w t .  %) and the l i gh t  colored transparent 
glassy spheres are predominantly alumino-si1 icates.  The deposit build-up mechanism 
appeared t o  be similar f o r  a l l  coals. All originated with the re la t ive ly  strong 
bonding of iron-rich slag drops t o  the oxidized s tee l  surface. Alumino-silicates 
were only found in this layer for  the raw Decker coal. In addition, there was always 
a layer of very f ine  par t ic les  (submicron) coverl’ng the en t i re  coupon surface.  I t  was 
n o t  possible t o  brush or blow this layer from the surface. A region of loosely bonded 
ash particles often containing most a l l  of the major constituents of the  ash then 
bui l t  upon the more strongly adhered droplets.  There was l i t t l e  i f  any interaction 
between the loose ash and adhesive par t ic les .  As the distance from the s tee l  surface 
increased the ash par t ic les  began t o  sinter,eventually forming a f lu id  mass in some 
instances. 

investigators (9,lO). I t  was also observed in a pilot-scale p.c. t e s t  combustor (11).  
The fine particle layer probably formed on the coupon surface due t o  convective 
diffusion t o  the re la t ive ly  cold s tee l  coupon (12). Presumably the scouring action of 
the ash laden gases in a u t i l i t y  furnace would prevent formation of t he  loose ash layer 
until the iron-rich layer i s  more extensively developed and interaction w i t h  successive 
layers can occur. 

temperatures of 1470 ( A )  and 1500 C (B) are  shown in the SEM photomicrographs i n  F i g u r e  
3 .  The concentration of these par t ic les  increased with increasing flame temperature. 
Note t h a t  the par t ic les  flattened more on impact a t  the higher temperature, probably 
due to  a decrease in par t ic le  viscosity. There appeared t o  be two d i f fe ren t  iron-rich 
particle types i n  each deposit: ( i )  a porous par t ic le  with a rougher surface texture, 
and ( i i )  a m r e  glassy appearing par t ic le  with a very smooth surface texture.  X-ray 
fluorescence spectrograms are also shown in Figure 3. The porous type par t ic les  were 
found t o  contain exclusively iron (see analysis of Point 1 in Figure 3B), whereas the 
more glassy par t ic le  types contained smaller amounts of s i l i con ,  aluminum and 
potassium (Point 2) .  

The drop-tube furnace system i n  which the t e s t  coals were burned i s  shown i n  

Physical characterist ics for  a l l  ash deposits were similar.  Figure 2 shows a 

Preferential deposition of iron-rich species has been suggested by other 

The iron-rich deposit base par t ic les  formed from the Keystone coal a t  flame 

The two furnace operating parameters which most influenced ash deposition rates 
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were f lame and coupon s u r f a c e  temperatures. Both O f  these t rends  a r e  shown i n  Tables 
2 and 3. Deposi t  b u i l d - u p  r a t e s  inc reased between two and s i x  t imes wi-th each 
increase i n  flame temperature and t e n - f o l d  f o r  a 30 degree r i s e  i n  coupon sur face  
temperature. Removing exchangeable c a t i o n s  f rom t h e  Decker coa l  caused a t h r e e - f o l d  
decrease i n  t h e  ash d e p o s i t i o n  r a t e ,  see Table 4. The exchangeable c a t i o n s  appeared 
t o  p l a y  a s i g n i f i c a n t  r o l e  i n  bo th  t h e . i n i t i a 1  i r o n - r i c h  d e p o s i t  and t h e  s i n t e r i n g  
p r o p e r t i e s  e x h i b i t e d  by t h e  ash depos i t .  The s i n t e r e d  ash c o l l e c t e d  from the  raw 
Decker coal  was yel low-brown i n  c o l o r  and compara t ive ly  d i f f i c u l t  t o  break a p a r t  
r e q u i r i n g  a f o r c e  o f  n e a r l y  20 p s i .  The a c i d  form s i n t e r  was c o r a l  c o l o r e d  and broke 
a p a r t  w h i l e  removing t h e  coupon from t h e  c o l l e c t o r  probe. 

CONCLUSIONS AND FUTURE WORK 

The drop-tube f u r n a c e  c l o s e l y  s imulated t h e  t ime/temperature h i s t o r y  o f  a 
u t i l i t y  b o i l e r  furnace. One t y p e  o f  s l a g  depos i t  i n i t i a t i n g  p a r t i c l e  which s t r o n g l y  
bonds t o  ox id ized  b o i l e r  s t e e l s  i s  low m e l t i n g  i r o n - r i c h  d r o p l e t s  produced from 
p y r i t e - r i c h  p.c.  p a r t i c l e s .  Flame and metal s u r f a c e  temperatures s t r o n g l y  i n f l u e n c e  
ash depos i t  bu i ld -up  r a t e s .  S u f f i c i e n t  evidence e x i t s  t o  suggest t h a t  a l k a l i s  and 
ca lc ium enhance t h e  " s t i c k i n g "  behav io r  o f  i r o n - r i c h  and o t h e r  f l y  ash d r o p l e t s .  This 
i n v e s t i g a t i o n  revea led  a q u a l i t a t i v e  r e l a t i o n s h i p  between r e s u l t s  ob ta ined from 
severa l  d i f f e r e n t  apparatus used t o  study s l a g  i n i t i a t i o n :  ( i )  s t i c k i n g  apparatus, 
( i i )  drop-tube furnace, and ( i i i )  p i l o t - s c a l e  p.c. t e s t  combustor. 

Future work i n  the  drop-tube fu rnace w i l l  i n c l u d e :  ( i )  deve lop in  a method f o r  
d e f i n i n g  the  r e l a t i v e  adhesion p r o p e r t i e s  o f  ash p a r t i c l e  types, and f i i )  more c l e a r l y  
d e f i n i n g  t h e  r o l e  o f  v o l a t i l e  species i n  d e p o s i t  i n i t i a t i o n  and growth. T h i s  second 
goal  can be accomplished b y  i n v e s t i g a t i n g  c o n t r o l  l e d  composi t ion s y n t h e t i c  polymer/ 
minera l  combinations. 
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TABLE 1. MINERALOGICAL AND ELEMENTAL ASH COMPOSITION FOR TEST COALS 

Procedure/Coals 

M ine ra log i ca l  (wt .  % LTA) 

Quartz 
P y r i t e  
C a l c i t e  
Gypsum 
K a o l i n i t e  
I l l i t e  
Fel dspan 

LTA ( w t .  % as rece ived  c o a l )  
HTA (wt. % as rece ived  c o a l )  

Spectrochemical ( w t .  % HTA) 

Montour Keystone 

25 25 
15 10 -- 5 

5 
17 30 
30 20 

-- 

-- -- 
18.0 21.6 
15.8 18.0 

51.7 54.1 
25.6 25.9 

1.3 1.3 
14.1 9.7 

2.4 1.8 
0.9 1.0 
0.2 0.3 
2.4 2.9 
1.5 1.1 
0.4 0.4 

231 

Tunnel t o n  

22 
15 
5 

- -  
i a  
30-40 

5-10 

22.9 
20.1 

50.3 
26.8 
1.3 

11.0 
2.5 
1 .o 
0.4 
2.9 
2.3 
0.4 

Raw Acid-Washed 
Decker Decker 

6.3 3.3 
4.0 2.2 

26.5 53.0 

0.9 2.7 
5.3 9.2 

14.3 4.1 
2.5 0.7 
0.03 0.01 
5.0 0.4 
0.97 0.6 

15.5 28.5 

21.6 --  



TABLE 2. DEPOSIT BUILD-UP RATES FOR THE THREE 
PENNSYLVANIA STEAM COALS AT THREE 
FLAME TEMPERATURES 

F1 ame 
Temperature 

Coal O C  

Montour 1465 
1518 
1561 

Keystone 1470 
1500 
1560 

Tunnel ton 1467 
1510 
1518 

- 

Deposi t  
Mass 
mg 

26.5 
64.5 

133.0 
24.0 

117.7 
286.1 

39.7 
252.6 
297.1 

Re1 a t i v e  
Bu i l d -up  Rates 

mgfmin mglgr  Coal 

2.2 11.0 
5.4 22.5 

11.1 46.3 
2.0 7.1 
9.8 40.8 

23.6 99.2 
3.3 11.8 

21.1 75.4 
24.8 103.3 

Percent o f  
To ta l  Ash 
(Based on HTA) 

6.9 
14.2 
29.2 

3.9 
22.7 
47.3 

3.1 
19.7 
51.3 

TABLE 3. DEPOSIT BUILD-UP RATES FOR THE KEYSTONE COAL 
AT A FLAME TEMPERATURE OF 1500°C AND TWO 
DIFFERENT COUPON SURFACE TEMPERATURES 

Coupon Deposit Re1 a t i v e  Percent o f  
Surface Mass Bui 1 d-up Rates T o t a l  Ash 

Temperature "C mg mg/min mg/gr Coal (Based on HTA) 

31 0- 318 11.7 6.98 29.1 2.3 
340-345 117.7 9.8 40.8 18.0 

TABLE 4. DEPOSIT BUILD-UP RATES FOR RAW AND A C I D  WASHED 
DECKER COAL SAMPLES AT A FLAME TEMPERATURE OF 
1500°C 

Deposi t  R e l a t i v e  Percent  o f  
Coal Mass Bui ld-up Rates T o t a l  Ash 
Sample mg mglrnin mg/gr Coal lBased on HTA) 

Raw Decker 82 4.1 14.6 36.6 
A c i d  Washed 

Decker 25 1.3 5.4 23.7 

\ 
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FIGURE 2 R A W  DECKER COAL ASH DEPOSIT: 
A )  TOTAL DEPOSIT AFTER TWENTY MINUTES, 
6) OPTICAL PHOTOMICROGRAPH OF BONDED 
ASH PARTICLES 1 
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INFLUENCE OF SEGREGATED MINERAL 
MATTER I N  COAL ON SLAGGING 

R. W.  Bryers 

Fos te r  Wheeler Development Corporation 

Liv ings ton ,  New Jersey  07039 
12  Peach Tree H i l l  Road 

INTRODUCTION 

The minera l  con ten t  of any given rank of coa l  is a key f a c t o r  i n  s i z ing  and 
designing a steam genera tor  or r eac to r .  
po r t an t  a s  t h e  premium s o l i d  f u e l s  a r e  consumed, leav ing  r e se rves  wi th  cont inua l  
increas ing  mineral  concen t r a t ions  and lower qua l i t y  a sh .  The problem of dea l ing  
wi th  lower q u a l i t y  a sh  i n  coa l  i s  compounded by the  inc rease  i n  s i z e  of steam 
genera tors  and re f inements  imposed by economic cons t r a in t s .  
based on coa l  ash chemistry and ASTM ash  fus ion  temperatures o r  v i s c o s i t y ,  a r e  
present ly  used t o  rank coa l s  according to t h e  f i r e s i d e  behavior of t h e  mineral  
matter. Unfor tuna te ly ,  t he  ind ices  a r e  only marginally sa t i s f ac to ry .  a s  they do 
not r e l a t e  t o  ope ra t ing  o r  des ign  parameters and f requent ly  are based on a coa l  
ash chemistry q u i t e  d i f f e r e n t  from t h a t  depos i ted  on t h e  furnace  wa l l .  
d i f f e r e n t  c o a l s  with i d e n t i c a l  ash chemistry produce dec idedly  d i f f e r e n t  slagging 
condi t ions  i n  steam gene ra to r s  of i d e n t i c a l  design opera ted  i n  the  same mode. 
Var ia t ions  i n  composition of t h e  s l a g ,  when compared wi th  t h e  coal a sh ,  suggest 
s p e c i f i c  minera ls  a r e  be ing  s e l e c t i v e l y  depos i ted  on furnace  w a l l s  depending upon 
t h e i r  s p e c i f i c  g r a v i t y ,  s i z e ,  composition, and physicochemical p rope r t i e s .  It i s  
q u i t e  apparent t he re  i s  a need f o r  a b e t t e r  understanding of t he  i m p a c t  of mineral  
composition, i t s  s i z e ,  and i t s  a s soc ia t ion  wi th  o the r  minera ls  and carbonaceous 
matter on f i r e s i d e  depos i t s .  

The mineral  content becomes even more i m -  

Empirical  i nd ices ,  

Frequently,  

MINERAL MATTER I N  COAL 

Minerals occur r ing  i n  c o a l  may be c l a s s i f i e d  i n t o  f i v e  main groups. These in- 
clude sha le ,  c l a y ,  s u l f u r ,  and carbonates.  The f i f t h  group inc ludes  accessory  min- 
e r a l s  such as quar tz  and minor cons t i t uen t s  l i k e  the  f e l d s p a r s  (1)- 

Shale, u sua l ly  t h e  r e s u l t  of t h e  consol ida t ion  of mud, s i l t ,  and c l ay ,  c o n s i s t s  
of many minera ls  i nc lud ing  i l l i t e  and muscovite--these a r e  forms of mica. Kao l in i t e  
i s  t h e  mst  common c l a y  m a t e r i a l  (1). 

The s u l f u r  minera ls  inc lude  p y r i t e s  wi th  some marcas i te .  
same chemical composition a s  p y r i t e s  but a d i f f e r e n t  minera logica l  s t r u c t u r e .  
f u r  i s  a l s o  p re sen t  a s  organic  mat te r  and occas iona l ly  a s  s u l f a t e .  
a l l y  occurs i n  weathered coa l  such a s  i n  outcrops .  
coa l  i s  gene ra l ly  less than 0.01 pe rcen t .  

Generill:,, 60 pe rcen t  of t h e  s u l f u r  i n  coa l  i s  p y r i t i c ,  p a r t i c u l a r l y  when t h e  
A t  higher concent ra t ions  i t  may run as high  a s  70 t o  

Marcasite has t h e  
Sul- 

The l a t t e r  usu- 
The amount of s u l f a t e  s u l f u r  i n  

Su l fu r  concent ra t ion  i s  low.  
90 percent .  
and s i z e s .  The p r i n c i p a l  forms a r e  (1-6): 

P y r i t e  occur s  i n  coa l  i n  d i s c r e t e  p a r t i c l e s  i n  a wide v a r i e t y  of shapes 

Rounded masses c a l l e d  s u l f u r  b a l l s  o r  nodules an  inch o r  more i n  s i ze .  

Lens-shaped masses which a r e  thought t o  be f l a t t e n e d  s u l f u r  b a l l s .  

Ver t i ca l ,  i n c l i n e d  v e i n s  or f i s s u r e s  f i l l e d  wi th  p y r i t e  ranging  i n  
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th ickness  from t h i n  f l a k e s  up t o  seve ra l  inches  th ick .  

Small, d i scont inuous  v e i n l e t s  of p y r i t e ,  a number of which sometimes 
r a d i a t e  from a common cen te r .  

S m a l l  p a r t i c l e s ,  <72p, o r  v e i n l e t s  disseminated i n  t h e  coa l .  Micro- 
scopic  p y r i t e  occurs  in f i v e  bas i c  morphology types:  ( a )  framboids,  
(b) i so l a t ed  euhedral c r y s t a l s ,  ( c )  nonspher ica l  aggrega tes  of eu- 
hedra l  c y r s t a l s ,  (d) i r r e g u l a r  shapes,  and ( e )  f r ac tu red  f i l l i n g s  (7). 

A l l  coa l s  conta in  some of  t h e  t h i r d  and f i f t h  forms of p y r i t e ,  and some coa l s  
conta in  a l l  f i v e  of t he  p r i n c i p a l  forms ( 6 , 8 , 9 ) .  

The carbonates are mainly c a l c i t e ,  dolomite,  or s i d e r i t e .  The occurrence of 
c a l c i t e  is f r equen t ly  bimodal. Some c a l c i t e  occurs a s  inherent  a sh ,  whi le  o the r  
c a l c i t e  appears a s  t h i n  l a y e r s  in c l e a t s  and f i s s u r e s .  I ron  can be p re sen t  in 
small q u a n t i t i e s  a s  hemat i te ,  ankor i t e ,  and in some of t h e  c lay  minera ls  such a s  
i l l i t e .  In add i t ion  t o  the  more common minera ls ,  s i l i c a  is present  sometimes a s  
sand p a r t i c l e s  o r  quar tz .  
s u l f a t e s  bu t  probably mst o f t en  a s  f e ldspa r s ,  t y p i c a l l y  o r thoc la se  and a l b i t e .  In 
t he  case  of l i g n i t e s ,  un l ike  bituminous and subbituminous, sodium is n o t  p re sen t  a s  
a mineral  bu t  is probably d i s t r i b u t e d  throughout t h e  l i g n i t e  a s  t h e  sodium s a l t  of 
a hydroxyl group or a carboxyl ic  a c i d  group in humic ac id .  
is bound organica l ly  t o  humic ac id .  Therefore,  i t  too  is uniformly d i s t r i b u t e d  in 
t h e  sample. 

The a l k a l i e s  a r e  sometimes found a s  c h l o r i d e s  or a s  

Calcium, l i k e  sodium, 

The t e r m ,  "mineral mat te r , "  usua l ly  a p p l i e s  t o  a l l  inorganic ,  noncarbonaceous 
material in t h e  coal and inc ludes  those  inorganic  elements which may occur in or- 
ganic combination. Phys ica l ly ,  t h e  inorganic  mat te r  can be d iv ided  i n t o  two 
groups--inherent mineral  matter and extraneous mineral  matter. Inherent  mineral  
matter o r i g i n a t e s  a s  p a r t  of the  growing p l a n t  l i f e  from which c o a l  was formed. 
Under t h e  circumstances,  it has  a uniform d i s t r i b u t i o n  wi th in  t h e  coa l .  
mineral  mat te r  seldom exceeds 2 - 3 percent  of t he  coa l  (10). 

Inherent  

Extraneous mineral  ma t t e r  genera l ly  c o n s i s t s  of l a r g e  b i t s  and p i eces  of inor- 
ganic ma te r i a l  t yp ica l  of t h e  surrounding geology. 
mat te r  is so f i n e l y  divided and uniformly d ispersed  wi th in  the  c o a l  i t  behaves as 
inherent  mineral  mat te r .  Coal p repa ra t ion  can sepa ra t e  some of  t h e  ex t raneous  a s h  
from the  coa l  substance,  bu t  i t  seldom removes any of  t h e  inherent  minera l  matter. 

In some cases  t h e  ex t raneous  

The phys ica l  d i f f e r e n c e s  between inherent  and ex t raneous  ash  are important no t  
only t o  those  i n t e r e s t e d  in c lean ing  coal b u t  a l s o  t o  those  concerned wi th  t h e  f i r e -  
s i d e  behavior of coa l  ash .  Inherent  material is so in t ima te ly  mixed wi th  coa l  t h a t  
i t s  thermal h i s t o r y  is l i nked  t o  t h e  combustion of t h e  coa l  p a r t i c l e  in which it is 
contained. Therefore,  it w i l l  most l i k e l y  reach  a temperature in excess  of t he  gas  
in t h e  immediate surroundings.  
spec ie s  permi ts  chemical r e a c t i o n  and phys ica l  changes t o  occur so r a p i d l y  t h a t  t h e  
subsequent a sh  p a r t i c l e s  formed w i l l  behave as a s i n g l e  ma te r i a l  whose composition 
is def ined  by t h e  mixture of minera ls  contained wi th in  t h e  coa l  p a r t i c l e .  The at- 
mosphere under which the  ind iv idua l  t ransformat ions  take  p l ace  w i l l ,  no doubt,  ap- 
proach a reducing environment. 
mineral  matter a s  f ed  t o  t h e  combustor and the  f a t e  of t h e  minera ls  a f t e r  combus- 
t i o n  (11). 

The c lose  proximity of each spec ie s  wi th  every o t h e r  

F igure  1 i l l u s t r a t e s  a model of t he  coa l  and 

Extraneous materials can behave a s  d i s c r e t e  minera l  p a r t i c l e s  comprised of a 
s i n g l e  spec ie s  or a m u l t i p l i c i t y  of spec ies .  A s  a l ready  ind ica t ed ,  a po r t ion  of 
t h i s  material may be so f i n e l y  d iv ided  i t  can behave a s  inherent  mineral  matter. 
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During combustion the  l a r g e r  p a r t i c l e s  respond ind iv idua l ly  t o  the  r i s i n g  tempera- 
t u r e  of the  environment. In  t h e  absence of  carbon or o the r  exothermic r e a c t a n t s ,  
t h e  p a r t i c l e  should always be somewhat less than t h e  l o c a l  gas temperature.  How- 
eve r ,  t he  p a r t i c l e s  may be subjec ted  t o  e i t h e r  reducing o r  ox id i z ing  condi t ions .  
As each p a r t i c l e  r i s e s  in temperature,  i t  l o s e s  water of hydra t ion ,  evolves gas ,  
becomes oxidized o r  reduced ,  and eventua l ly  s i n t e r s  o r  melts, depending on its 
p a r t i c u l a r  composition o r  temperature l e v e l .  

It is evident ,  t h e n ,  t h a t  t he re  can be a g r e a t  d i f f e rence  in t he  f i n a l  s t a t e  
of each p a r t i c l e ,  depending upon i t s  composition and whether i t  is inherent  o r  ex- 
traneous ash .  Figure 2 summarizes the  phase t ransformat ions  which pure mineral  
m t t e r  commonly found in coa l  undergoes dur ing  hea t ing  (12,13,14).  Since t h i s  da ta  
was developed p r imar i ly  by minera logis t s  performing d i f f e r e n t i a l  thermal ana lys i s  
under a i r  a t  slow h e a t i n g  r a t e s ,  i t  must be  used only  as a gu ide l ine  f o r  p red ic t ing  
t h e  thermal behavior o f  minera ls  in coal .  Thermal shocking these  minera ls  in the  
presence of carbon and o the r  minera l  forms a t  very high temperatures,  no doubt,  w i l l  
a l t e r  some of these  t r ans fo rma t ions  and may defer  o t h e r s  u n t i l  postcombustion depo- 
s i t i o n  on hea t  t r a n s f e r  sur faces .  

Clays and Shale 

The melting tempera tures  of most pure minera ls  a r e  in t h e  v i c i n i t y  of or  
grea t ly  exceed t h e  maximum flame temperature encountered dur ing  combustion. There- 
fo re ,  the  fused sphe ro ida l  f l y  a sh ,  generated from the  minera l  matter in coa l ,  p r i -  
m a r i l y  forms as t h e  r e s u l t  of t h e  f lux ing  a c t i o n  between pure  minera ls  contained 
wi th in  each p a r t i c l e .  Both minerals 
contain small concen t r a t ions  of i r o n  and potassium and'form a g l a s sy  phase a t  95OoC 
and llOO°C, r e spec t ive ly .  Depending upon i t s  f l u i d i t y ,  t h i s  g l a s sy  phase could be 
respons ib le  f o r  s u r f a c e  deformation a t  a r e l a t i v e l y  low temperature and provide t h e  
necessary s t i c k i n g  p o t e n t i a l  t o  prevent reent ra inment  upon contac t ing  hea t  t r a n s f e r  
sur faces .  
i n  a thermal analyzer under a i r  t o  600 and 1000°C, r e spec t ive ly ,  and compared to  
t h e  l o w  temperature a s h  of  a g rav i ty  f r a c t i o n  void of i l l i t e .  
t r o n  photomicrographs, appearing i n  Figure 3 ,  i n d i c a t e  t h e  minera ls  conta in ing  
i l l i t e  d id ,  indeed, show s i g n s  of t he  formation of  a melt. 

I l l i t e  and b i o t i t e  appear t o  be an except ion .  

Low tempera ture  ash of a g r a v i t y  f r a c t i o n  conta in ing  i l l i t e  was heated 

The scanning e l ec -  

The inherent  s i l i ca  r e t a i n e d  i n  the  char a s  qua r t z  o r  s i l i c a  re leased  from 
k a o l i n i t e  and i l l i t e  at low temperatures ( i . e . .  95OOC) is p a r t i a l l y  reduced t o  
silica monoxide. Unl ike  s i l i c a  which b o i l s  a t  2230°C, s i l i c a  monoxide melts a t '  
1420°C and b o i l s  a t  2600°C (15).  The vapor p re s su re  of s i l i c o n  i s  low--in t h e  
range  of temperatures experienced during combustion. 
from 0.01m Hg a t  1157OC t o  lm Hg p res su re  a t  1852OC (15,16).  
mineral  mat te r  and carbonaceous ma te r i a l  appears t o  a l t e r  vapor p re s su re  substan- 
t i a l l y .  
za t ion  of  s i l i c o n  monoxide began a t  about 1150'C and reached a maximum a t  1400'C. 
Mackowsky r e p o r t s  t h a t  v o l a t i l i z a t i o n  of s i l i c o n  monoxide starts a t  about 1649OC in 
t h e  presence of  ca rbona te s  and c l ays  and reaches  a maximum a t  1704°C (17).  
presence of p y r i t e  or  m e t a l l i c  i r o n ,  v o l a t i l i z a t i o n  begins  a t  about 1560'C and con- 
t i nues  at a r ap id  r a t e  a s  t h e  temperature rises u n t i l  p r a c t i c a l l y  a l l  the  s i l i c a  in 
t h e  mineral is v o l a t i l i z e d .  Sarof in  has shown t h a t  about 1.5 t o  2.0 percent  of t he  
ASTM ash i n  bituminous c o a l s  v o l a t i l i z e  (18) .  Approximately 35 - 40 percent  of the  
v o l a t i l i z e d  material was s i l i c a .  
quar tz  appears t o  be r e l a t i v e l y  innocuous un le s s  contaminated by Fen03, CaO, o r  
K20. 

Honig r e p o r t s  va lues  ranging 
The presence of o ther  

When a mixture  of alumina s i l i c a t e  and g raph i t e  w a s  hea ted ,  t h e  v o l a t i l i -  

I 

Y 

I n  the  

1 

i The next l a r g e s t  component was i ron .  Extraneous 

\ 
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Pyr i t e s  

The decomposition of p y r i t e  has  been examined by numerous i n v e s t i g a t o r s  under 
oxid iz ing ,  neu t r a l ,  and reducing environments. TGA, r a t h e r  than DTA, has  been used 
by most inves t iga to r s .  Acquis i t ion  of r ep resen ta t ive  d a t a  is d i f f i c u l t ,  a s  t h e  de- 
composition process  is complex and s e n s i t i v e  t o  many v a r i a b l e s  inc luding  t h e  chemi- 
c a l  composition of p y r i t e s ,  i t s  g r a i n  s i z e ,  i ts  o r i g i n ,  t he  presence  of adven t i t i ous  
impur i t i e s ,  t he  composition of t h e  l o c a l  environment, and d i f f u s i o n  rates through 
su l f a t ed  layers .  Under oxid iz ing  cond i t ions  i t  is be l ieved  t h a t  p y r i t e s  decompose 
d i r e c t l y  t o  an i r o n  oxide and S O z  o r  SO3 or iron s u l f a t e  and SO2, depending upon 
t h e  f i n a l  temperature l e v e l .  Under reducing cond i t ions  p y r r h o t i t e  and e i t h e r  car -  
bon o r  hydrogen s u l f i d e  form. 
carbon d i s u l f i d e .  There i s  a l s o  a p o s s i b i l i t y  t h a t  p y r r h o t i t e  may form under oxi -  
d i z ing  condi t ions  a s  an in te rmedia te  s t e p  i n  t h e  presence  of s u f f i c i e n t  adven t i t i ous  
carbon. Pure p y r i t e s  i g n i t e  a t  about 500'C i n  t h e  thermal ana lyzer  a t  20°C/min and 
burn ou t  by 550°C i n  a s ing le-s tep  p rocess ,  a s  shown in Figure  5. 
i g n i t e  a s  r ead i ly  a s  bituminous c o a l ;  however, t h e  burnout time is comparable. A l -  
though pyr rho t i t e  i g n i t e s  r e a d i l y ,  i t  r e q u i r e s  a s  much time a s  a n t h r a c i t e  t o  com- 
p l e t e  combustion. P y r i t e s  conta in ing  small q u a n t i t i e s  of adven t i t i ous  carbon, a s  
might be found i n  the  -1.80 f 2 . 8 5  g r a v i t y  f r a c t i o n ,  appear t o  form p y r r h o t i t e ,  de- 
f e r r i n g  burnout u n t i l  800°F. 
f a c t  t h a t  p y r i t e  p a r t i c l e s  do no t  sh r ink  during t h e  combustion process  a s  do coa l  
p a r t i c l e s ,  and hence, t h e i r  burnout t i m e  is extended. The burnout t i m e  of p a r t i -  
cles i n  excess  of  4 0 ~  appears t o  exceed the  res idence  t i m e  a v a i l a b l e  in mst com- 
bus tors .  

Complete reduct ion  r e s u l t s  i n  elemental  i r o n  and 

Pure  p y r i t e s  do 

Within t h e  combustor t h e  problem is compounded by the  

TGA r evea l s  decomposition r a t e s  bu t  t e l l s  l i t t l e  about t h e  phys ica l  s t a t e  
during t h e  combustion process .  Phase diagrams f o r  t h e  Fe-S-0 and FeS-FeO system, 
represent ing  t r a n s i t o r y  s t a t e s  a t  t h e  p a r t i c l e  su r face ,  imply t h e  formation of a 
temporary melt a t  low temperatures.  SEM photomicrographs, appearing i n  Figure 5 ,  
of pure p y r i t e s  heated t o  6OO0C, 80OoC, and 1000°C under reducing  cond i t ions  c l e a r l y  
r e v e a l  t h e  formation of a m e l t  a t  t empera tures  a s  low as 600°C. Large p a r t i c l e s  of 
pa r t i a l ly - spen t  p y r i t e s ,  which may be molten on con tac t  wi th  t h e  hea t  t r a n s f e r  sur -  
f ace ,  complete t h e  ox ida t ion  process  in s i t u ,  forming a s o l i d  fused  depos i t  wi th  a 
very h igh  melting temperature.  

An examination of t h e  thermal behavior of t h e  mineral  mat te r  i n  c o a l  i n d i c a t e s  
t h e  minera l  o r i g i n  of t h e  elements found i n  coa l  a sh  and t h e i r  j ux tapos i t i on  wi th  
regard  t o  each o t h e r ,  a s  we l l  a s  o ther  minera l  forms, and determines t h e i r  phys i ca l  
f a t e  during combustion. A s  i nd ica t ed  in Figure  1 ,  t he  phys ica l  s t a t e  ( i . e . ,  vapor 
OK s o l i d )  and the  s i z e  of s o l i d i f i e d  a sh  w i l l  determine t h e  mode and r a t e s  of m i -  
g r a t i o n  t o  t h e  hea t  t r a n s f e r  su r f ace .  The phys ica l  state a t  t h e  tube su r face  w i l l  
depend upon t h e  l o c a l  su r f ace  temperature and t h e  composition of  t he  p a r t i c u l a t e  
depos i t ing .  
a l s o  play a s i g n i f i c a n t  r o l e .  

In t h e  case  of p y r i t e s  r e s idence  time and environment condi t ions  may 

CHARACTERIZATION OF MINERALS I N  COAL 

I 

The f i r e s i d e  behavior of minera l  mat te r  i n  coa l  has  been inves t iga t ed  by char- 
a c t e r i z i n g  the  minera l  conten t  of s e v e r a l  bituminous c o a l s ,  u s ing  s i z e  and g rav i ty  
f r ac t iona t ion  ana lys i s  of pu lver ized  coa l  and then f i r i n g  t h e  coa l  i n  a v e r t i c a l l y  
f i r e d  combustor. High s u l f u r  coa l s  con ta in ing  p y r i t e s  of vary ing  s i z e  and vary ing  
a s soc ia t ion  with carbonaceous and o the r  minera l  forms were s e l e c t e d  f o r  examination. 
A comparison was a l s o  made wi th  wes tern  subbituminous c o a l s  t o  a s s e s s  the  impact of 
potassium i n  the  minera l  i l l i t e  on fu rnace  s lagging .  
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Each coa l  was analyzed f o r  proximate, u l t ima te ,  ash chemistry,  and ash fus ion  
temperatures t o  permit eva lua t ion  us ing  convent iona l  da t a .  The pulver ized  coa l  
samples were then  d iv ided  i n t o  f o u r  s izes  r ep resen t ing  equal  weights ( i . e . ,  +105p, 
- 1 0 5 ~  +74p, -74p +44p, and -44p). Each s i z e  f r a c t i o n  was separa ted  i n t o  four  
weight c l a s s e s ,  thereby ,  p a r t i t i o n i n g  the  coa l  i n t o  groups dominated by coa l ,  non- 
p y r i t i c  minera l  ma t t e r ,  and p y r i t e s .  
chemistry,  a sh  fus ion  tempera ture ,  combustion p r o f i l e ,  and minera l  con ten t .  

The p a r t i t i o n e d  coa l  w a s  analyzed f o r  a s h  

The a n a l y t i c a l  d a t a  i s  summarized i n  F igure  6 .  The enclosed d a t a  p o i n t s  repre- 
s en t  t h e  composite ana lys i s .  The open da ta  p o i n t s  r ep resen t  t he  f r a c t i o n a t e d  spe- 
c i e s .  Ash so f t en ing  tempera tures  and percent  b a s i c  c o n s t i t u e n t s  were se l ec t ed  a s  
t h e  v a r i a b l e s  t o  c h a r a c t e r i z e  t h e  coa l ,  as they appear most f r equen t ly  in t h e  indi-  
ces used to  express  t h e  s lagging  or  fou l ing  p o t e n t i a l  of t h e  f u e l .  It  is q u i t e  
evident t h e  combustor i s  exposed t o  a sh  wi th  a wide range  of chemical compositions 
and melting temperatures not adequately i d e n t i f i e d  by a composite c o a l  ana lys i s .  
The data  i n d i c a t e s  s lagging  was most severe  wi th  c o a l s  having t h e  h ighes t  melting 
temperature and demonstrating t h e  g r e a t e s t  degree of s epa ra t ion  of a s h  from coal  
and p y r i t e s  from o the r  minera l  matter. The two coa l s  wi th  t h e  lowest composite ash 
sof ten ing ,  having the  h ighes t  s l agg ing  index by conventional eva lua t ion ,  caused the 
l e a s t  slagging. L ibe ra t ion  of minera l  matter from t h e s e  two coa l s  w a s  a l s o  the  
lowest.  

The d a t a  w a s  r e p l o t t e d  on f u s i b i l i t y  diagrams, appear ing  i n  Figure 7 ,  typ i -  
fy ing  the  coa l  wi th  t h e  g r e a t e s t  p a r t i t i o n i n g  of mineral  mat te r  and h ighes t  degree 
of  s lagging  and t h e  c o a l  w i th  t h e  l e a s t  l i b e r a t i o n  of minera l  mat te r  and degree of 
slagging. 
each ash spec ie .  It a l s o  shows t h e  degree of  l i b e r a t i o n  of nonpyr i t i c  and p y r i t i c  
mineral  matter. By washing the  worst  coa l  a t  1.80 s p .  gr. and 14M x 0 ,  thereby 
minimizing ex t raneous  a s h  a s  w e l l  a s  t o t a l  s u l f u r ,  t h e  degree of s lagging  of the  
Upper Freeport  coa l  w a s  g r e a t l y  reduced. 

The f u s i b i l i t y  diagram i l l u s t r a t e s  t h e  s i z e  and weighted con t r ibu t ion  of 

COMBUSTION TESTING 

Deposits were removed from va r ious  l o c a t i o n s  in t h e  combustor a f t e r  f i r i n g  
each coal f o r  -14 - 16 hours .  
51OoC, f o u l i n g  probes a t  510 - 537OC, and r e f r a c t o r y  su r faces  a t  537 - 1204OC 
and examined us ing  t h e  scanning e l ec t ron  microscope and energy d i spe r s ive  x-ray. 
F ly  a s h  samples were a l s o  examined f o r  carbon loss, su r face  morphology, and chemi- 
c a l  composition. 

Samples w e r e  removed from s l agg ing  probes a t  398 - 

The depos i t s  forming on t he  s lagging  probes were i n i t i a t e d  by a t h i n  layer  of 
powdery f l y  ash ,  <8p i n  s i z e ,  enr iched  wi th  small  q u a n t i t i e s  of potassium. Beads 
o f  slag formed on top of  t h i s  t h i n  l aye r  when t h e  su r face  temperature approached 
t h e  i n i t i a l  deformation temperature of t h e  depos i t .  
formation of r i v u l e t s  from which a continuous phase of molten s l a g  formed. 
posits forming on t h e  r e f r a c t o r y  su r face  r ep resen t  an  advanced s t a g e  of s l a g  due t o  
t h e  higher su r face  tempera tures  which could only be achieved on t he  cooler  probes 
a f t e r  t h e  i n i t i a l  dus t  l aye r  formed. 
temperatures of t h e  s l a g  resemble t h a t  of t h e  heav ie s t  g r a v i t y  f r a c t i o n  ( i . e . ,  
>1.80 sp. g r . )  in most cases .  
furnace probes  subjec ted  to  a x i a l  symmetric flow a t  low g a s  v e l o c i t i e s  (5 - 6 
f t /s) ,  i l l u s t r a t e d  in Figure  8 ,  show t h a t  t h e  i n i t i a l  l aye r  of d u s t ,  upon which 
f u r t h e r  s l agg ing  depends, formed only when f i r i n g  c o a l s  whose a sh  contained more 
than 1 percent  potassium. 
is dependent upon t h e  t o t a l  p y r i t e s  l i b e r a t e d  from t h e  c o a l .  

Growth progressed  with the  
De- 

The composite a sh  chemistry and a s h  fus ion  

Macrophotographs of t h e  depos i t  formation on the  

Continued depos i t  growth r e s u l t i n g  i n  se r ious  slagging 
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SEM microphotographs and EDAX scans  of t he  c r o s s  sec t ion  and ou te r  su r f ace  of 
t he  s l a g  depos i t ,  i l l u s t r a t e d  i n  F igure  9 ,  i n d i c a t e  the  chemistry of t h e  depos i t  
is no t  uniform. The bulk of t h e  fused  ma te r i a l  is r i c h  i n  s i l i c a ,  low i n  i r o n ,  and 
v i r t u a l l y  depleted of potassium. The outermost l a y e r s ,  no more than 2 t o  311 t h i c k ,  
a r e  very r i c h  i n  i ron  and f r equen t ly  a l s o  r i c h  i n  calcium. On occas ions ,  the o u t e r  
sur face  is covered wi th  small  p a r t i c u l a t e  s eve ra l  microns i n  diameter or undissolved 
cubic o r  oc tahedra l  c r y s t a l s  whose o r i g i n  is p y r i t e s .  S i m i l a r  format ions  have been 
observed i n  f u l l - s c a l e  opera t ion .  The evidence i n d i c a t e s  depos i t s  form under a x i a l  
symmetric flaw condi t ions  in  t h e  furnace  by the  f lux ing  a c t i o n  a t  t h e  h e a t  t r a n s f e r  
su r f ace  of small  p a r t i c l e s ,  4 1 . 1  i n  d iameter ,  of dec idedly  d i f f e r e n t  chemical com- 
pos i t i on  and mineral  source.  Migration of t h e  f l y  ash  t o  t h e  su r face  is by means 
of  eddy d i f fus ion ,  thermophoresis,  o r  Brownian motion. 

S in te red  depos i t s  form a t  t h e  furnace  e x i t  a t  lower gas temperatures and i n  
zones subjec t  t o  r ap id  changes i n  d i r e c t i o n .  The depos i t  is composed of sphero ida l  
p a r t i c l e s  (4011 bound toge ther  by a molten subs tance .  In  those c a s e s  where substan- 
t i a l  q u a n t i t i e s  of coarse  p y r i t e s  a r e  l i b e r a t e d  from t h e  pulver ized  c o a l ,  t h e  sphe- 
r o i d s  a r e  near ly  pure Fe203, a s  shown i n  Figure 10. The matrix conta ined  s i l i c a ,  
alumina, i ron ,  and potassium and has an i n i t i a l  deformation temperature of 1000°C, 
as determined by d i f f e r e n t i a l  thermal ana lys i s .  
depos i t  as a r e s u l t  of i n e r t i a l  impact. The mineral  source of t h e  molten phase is 
mst l i k e l y  i l l i t e .  

The heavier  pure  i r o n  sphero ids  

Deposits a l s o  form on t h e  l ead ing  edge of t h e  f i r s t  row of tubes  i n  t h e  convec- 
t i o n  pass  when f i r i n g  coa l s  which l i b e r a t e  pure ,  coarse  p y r i t e s .  These tubes  a r e  
subjected t o  high gas v e l o c i t i e s  and have moderate t o  h igh  c o l l e c t i o n  e f f i c i e n c i e s  
f o r  p a r t i c l e s  between 40 and 100~. The depos i t s  are nea r ly  pure Fe203. They a r e  
hard and fused desp i t e  be ing  a t  gas  temperatures below t h e i r  i n i t i a l  deformation 
temperature.  No doubt, t h e  f i n a l  s t ages  of decomposition of the  p y r i t e s  t akes  
p lace  a t  t h e  tube  su r face .  

CONCLUSIONS 

The formation of f i r e s i d e  depos i t s  i n  furnaces  depends on t h e  composition, 
s i z e ,  and a s soc ia t ion  of minera l  matter l i b e r a t e d  from t h e  coa l .  S e l e c t i v e  deposi-  
t i o n  of s p e c i f i c  mineral  spec ie s  depends on t h e i r  s i z e ,  thermal behavior ,  t h e  l o c a l  
gas temperatures,  and t h e i r  mode of t r a n s p o r t  t o  t h e  sur face .  Consequently,  t h e  
composition of t h e  s i n t e r e d  depos i t  o r  molten s l ag  may vary  wi th  t ime a t  a given 
loca t ion  and w i l l  most probably vary throughout t he  combustor, depending on l o c a l  
temperatures and fluidynamics.  The composition of t h e  s l a g  may be s u b s t a n t i a l l y  
d i f f e r e n t  from t h e  composite coa l  a sh ,  depending upon i t s  he terogenei ty .  I l l i t e  is 
a l i k e l y  candidate a s  t h e  mineral  most r e spons ib l e  f o r  i n i t i a t i n g  depos i t s .  The 
molten phases a re  f requent ly  p a r t  of t h e  FeO-Si02 o r  Fe0-CaO-SiOZ system and depend 
on t h e  in t e rac t ion  of qua r t z ,  c a l c i t e ,  o r  p y r i t e s  a t  t he  hea t  t r a n s f e r  su r f ace .  
Liberated p y r i t e  c r y s t a l s  and small p a r t i c l e s  a r e  primary candida tes  f o r  s l a g  f o r -  
mation subjected t o  p a r a l l e l  flow regimes a t  low v e l o c i t i e s .  
be s e l e c t i v e l y  deposited and so le ly  r e spons ib l e  f o r  depos i t  formation on su r faces  
subjec ted  t o  f l u e  gas impingement a t  high v e l o c i t i e s .  

Coarse p y r i t e s  can 
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Figure 2 Phase Transformation of Some Mineral Matter Commonly Found i n  Coal 
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Figure 4 TGA Thermograms Comparing t h e  Decomposition of Various Grades of 
P y r i t e s  with Various'Ranks of Coal 
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INFLUENCE OF THERMAL PROPERTIES OF WALL DEPOSITS ON 
PERFORMANCE OF P.F. FIRED BOILER COMBUSTION CHAMBERS 

W. Richter, R. Payne, and M.P. Heap 

Energy and Environmental Research Corporation 
I r v ine ,  CA 92714 

1.0 INTRODUCTION 

The bui ld-up o f  ash deposi t  l aye rs  on tube wa l l s  and superheaters i n  dry  
bo t tom p . f .  b o i l e r  combustion chambers n o t  o n l y  d e t e r i o r a t e s  furnace and 
ove ra l l  b o i l e r  e f f i c i ency ,  bu t  increases the temperature l e v e l  i n  furnace and 
c o n v e c t i v e  passages and aggravates e x i s t i n g  d e p o s i t  problems. This can 
f i n a l l y  lead t o  expensive outages when deposit formation cannot be c o n t r o l l e d  
by s o o t  b low ing  a lone.  S ince e r r o r s  i n  f u r n a c e  des ign  w i th  r e s p e c t  t o  
s l a g g i n g  and f o u l i n g  o r  wrong e s t i m a t i o n  o f  impac t  o f  f u e l  conversion on 
d e p o s i t  f o rma t ion  a r e  so c o s t l y  i n  l a r g e  b o i l e r s ,  t h e r e  i s  considerable 
f i n a n c i a l  i ncen t i ve  t o  develop a n a l y t i c a l  methods i n  order t o  p r e d i c t  furnace 
performance f o r  a wide range of coal types and operating condi t ions.  It i s  
c l e a r  t h a t  such methods must take q u a n t i t a t i v e l y  i n t o  account, among other  
things, the thermal proper t ies o f  ash deposits. 

The p r o p e r t i e s  which determine heat t r a n s f e r  through a deposi t  l a y e r  o f  
g i v e n  thickness are thermal conduct iv i ty ,  emiss iv i ty ,  and abso rp t i v i t y .  The 
c u r r e n t  paper p resen ts  r e s u l t s  f rom v a r i o u s  s t u d i e s  c a r r i e d  o u t  by  t h e  
au tho rs  a t  Energy and Environmental Research Corporation (EER) t o  show the 
s e n s i t i v i t y  o f  o v e r a l l  furnace performance, l o c a l  temperature and heat f l u x  
d i s t r i b u t i o n s  on the p roper t i es  o f  deposits i n  l a r g e  p.f. f i r e d  furnaces. 

2.0 PARAMETRIC STUDY OF OVERALL FURNACE PERFORMANCE 

The most i m p o r t a n t  parameters f o r  ove ra l l  furnace heat absorption are 
t h e  a d i a b a t i c  f l ame temperature, the f i r i n g  densi ty  per heat s ink area, the 
e m i s s i v i t y  o f  t h e  fu rnace  volume, temperature and e m i s s i v i t y  of the heat  
s i n k s  and the  f l o w  and h e a t  r e l e a s e  p a t t e r n s .  F i g u r e  1 shows how these 
q u a n t i t i e s  a r e  r e l a t e d  i n  a comp lex  manner  t o  each o t h e r ,  t o  f u e l  
c h a r a c t e r i s t i c s  and t o  o p e r a t i n g  and boundary cond i t i ons  o f  the furnace. 
Some of the re la t i onsh ips  o f  F igure 1 were approximately q u a n t i f i e d  u t i l i z i n g  
a s imp le  w e l l - s t i r r e d  f u r n a c e  model (1) which assumed t r a n s p o r t  o f  grey 
r a d i a t i o n .  Two i m p o r t a n t  r e s u l t s  f o r  furnace performance w i t h  respect  t o  
f o r m a t i o n  o f  d e p o s l t s  a re  shown i n  F i g u r e s  2 and 3, I n  wh ich  f u r n a c e  

I 

I e f f i c i e n c i e s  qf, 
Tex  

I - y Z l -  i o  c p  1 T O  ( T e x  - TO) 1) 
40 

a r e  p l o t t e d  ove r  fu rnace  h e i g h t  L w i th  surface temparatures Tw o f  deposits 
and surface emiss i v i t i es  EW as parameters. The ca l cu la t i ons  were c a r r i e d  ou t  
f o r  a r e c t a n g u l a r  f u rnace  box o f  w i d t h  L/3. Other  i n p u t  parameters are 

I 
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l i s t e d  i n  the Figures. The grey absorption c o e f f i c i e n t  Ka o f  0.1 l / m  used i n  
the examples corresponds t o  an emiss i v i t y  ef = 0.55 f o r  a furnace volume w i th  
a he ight  o f  L = 30m. The e f f e c t  o f  deposit surface temperature Tw on furnace 
e f f i c i e n c y  qf i s  c o n s i d e r a b l e  f o r  va lues  l a r g e r  than 700 K (Fig. 2 ) .  For 
i n s t a n c e  a f u r n a c e  e f f i c i e n c y  o f  0.40 ( c o r r e s p o n d i n g  t o  Tex = 1440 K 
a c c o r d i n g  t o  Equa t ion  1) was obtained f o r  Tw = 700 K (see Section 3 and 4). 
The L must be i n c r e a s e d  b y  16.5m o r  53% o f  t he  o r i g i n a l  he ight  w i t h  clean 
w a l l s  t o  achieve the same furnace e f f i c i e n c y  f o r  a furnace with wa l l  deposit 
o f  surface temperature 1300 K.* The impact o f  wa l l  temperature on I]f w i l l  be 
even s t r o n g e r  f o r  a d i a b a t i c  f lame tempera tu res  l e s s  than  2200 K. Such 
a d i a b a t i c  f l a m e  temperatures can occur when f i r i n g  l i g n i t e  o r  high-moisture 
c o a l s .  F o r  f u r n a c e s  o p e r a t e d  w i t h  t h e  same t h e r m a l  i n p u t  a t  l o w  
e f f i c i enc ies ,  the presence o f  wal l  deposits requi res on ly  a moderate increase 
i n  size. 

A r e d u c t i o n  o f  surface emiss i v i t f es  from 1 (clean "sooty" wa l l s )  t o  0.4 
(wh ich  i s  t h e  l o w e s t  range r e p o r t e d  f o r  ash deposits (see Section 3 )  also 
causes a d rop  o f  I ] f  ( F i g .  2 ) .  However, t h e  r e q u f r e d  increase i n  s i ze  t o  
m a i n t a i n  ?If i s  s m a l l e r  t h a n  f o r  the change o f  deposi t  surface temperatures 
f r o m  700 K t o  1300 K ment ioned above. The s i z e  changes non- l inear  wi th  
changes o f  surface temperature but  near ly  l i n e a r l y  w i t h  between .sW = 1 and 

= 0.5. Beyond = 0.2, L must increase non- l i nea r l y  t o  maintain furnace 
e f f i c i e n c y  . 

When a d e p o s i t  l a y e r  i s  formed, s u r f a c e  temperature i s  increased and 
wa l l  em iss i v i t y  decreased. However, t he  superposi t ion o f  these e f f e c t s  on qf 
i s  l e s s  than a pure sumnation; since, by decreasing eW, the ne t  heat f l u x  t o  
the l aye r  i s  reduced, thus r e t a r d i n g  the increase o f  surface temperature t o  a 
c e r t a i  n extent. 

3.0 AVAILABLE DATA OF THERMAL PROPERTIES OF 
ASH DEPOSITS AND DATA ANALYSIS 

Thermal C o n d u c t i v i t y .  A comprehensive review o f  l i t e r a t u r e  data fo r  
thermal  c o n a u c t i  v i  ty I( o f  ash d e p o s i t s  was published by Wall e t  a l .  ( 2 ) .  
The thermal conductance, k, o f  t h e  ash mater ia l  increases r e v e r s i b l y  wi th  
temperature u n t i l  s i n t e r i n g  o r  f u s i o n  occurs. A t  t h i s  stage, a r a p i d  and 
i r r e v e r s i b l e  increase o f  k i s  observed. Typical values o f  k f o r  non-sintered 
deposits from Aus t ra l i an  coals  i n  actual  furnaces vary between 0.1 10-3 KW/mK 
a t  500 K up t o  0.4 10-3 KW/mK a t  1300 K. The fac to rs  c o n t r i b u t i n g  t o  the 
thermal  conductance i n  the powdered deposits are: Conductance i n  the s o l i d  
p a r t i c l e s .  gas c o n d u c t i o n  I n  the v o i d s  and r a d i a t i v e  t r a n s f e r  through the 
vo ids .  F e t t e r s  e t  a l .  recen t l y  measured k f o r  b o i l e r  deposits o f  an Indiana 
Coal ( 3 )  and p o i n t  o u t  t h a t  t h e  dominant mode o f  heat t r a s f e r  through the 
d e p o s i t  l a y e r  i s  by r a d i a t i o n  a t  h igh temperature. The values o f  k measured 
fo r  powdery deposits by Fe t te rs  e t  a l .  are about 2 t imes l a r g e r  than those of 

~~ 

* l m  o f  furnace he igh t  corresponds t o  = 500,000t. 
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Wall e t  al .  (2) a t  the same temperature. This is contributed t o  the relative 

I l a r g e  p a r t i c l e  s i z e s  of the Indiana coal ash (75% i n  the  1OOPm. range) 
compared t o  the  Australian coal ash w i t h  mean weight particle diameters Of 
5qUm and less. 

Thermal c o n d u c t i v i t y  of s in t e red  and fused depos i t s  found by the 
Australian researchers range from 0.5 10-3 KW/ mK a t  800 K t o  1.2 KW/mK 
a t  1500 K .  T h i s  i s  cons i s t en t  w i t h  the recent findings of Fetters e t  a l .  
( 3 )  f o r  crushed depos i t s  from a bo i l e r  f i r e d  w i t h  Indiana coal and other 
l i t e r a t u r e  values ( 4 ) .  The increase of thermal conductivi'ty of sintered and 
fused deposits i s  due t o  a decrease of void space and  increased trans- 
missivity of the material. Assuming uniform mean conductivity, the thickness 
of a s in t e red  depos i t  l ayer  which maintains fusion a t  i t s  surface can be 
estimated by 

where T f u  i s  the a s h  fusion temperature, T t  a the temperature of the outer 
sur face  of the  tubes and q i n  the incident h e a t  flux density. W i t h  typical 
values k = 0.8 10-3 KW/mK, Tfu = 1550 K ,  EW = 0.7, T t , a  = 750 K and q * n  = 400 
KW/m2 the layer thickness w i t h  a wet surface would be about 8 mn. Wall e t  a l .  
emphasize t h a t  values of k obtained from g r o u n d  depos i t s  i n  labora tory  
s tud ie s  a re  questionable since bounding of the deposit occurs i n  s i tu which 
leads t o  an increase of k .  This agrees w i t h  our results for  a 700 MWe boiler 
which yielded an overall value of k = 3.2 KW/m2K for deposits which could not 
be removed by soot blowing (see Section 41. 

Emissivity and Absorptivity 

Reviews of emissivity data of ash deposits were given by Wall e t  al .  
( 2 )  and recent ly  by Becker ( 5 ) .  The l i t e r a t u r e  data has a considerable 
spread of emiss iv i ty ,  between values of E,,, = 0.9 and eW = 0.3 depending on 
temperatures, ash origin and probe preparation. However, general agreement 
e x i s t s  t h a t ,  f o r  non-sintered material eW decreases reversibly w i t h  surface 
temperature. After s i n t e r i n g ,  the emissivity changes i r revers ib le ly  to  
higher values ( 2 ) .  T h i s  agrees w i t h  measurements of furnace generated 
depos i t s  of American coa ls  carried out by Goetz e t  al .  (6) .  These authors 
r epor t  values between 0.38 and 0.67 for powdery ( i n i t i a l )  deposits, values 
between 0.76 and  0.93 f o r  s in t e red  depos i t s  and values 0.65 and 0.85 for  
glassy and or molten deposits. The increase of emissivity w i t h  sintering and 
fusion i s  due to increased transmission of radiation into the surface of the 
depos i t  l aye r .  In the  range o f  sur face  temperatures of in te res t ,  namely 
between 800 K and 1400 K ,  measured total emissivities on probes of sintered 
real furnace deposits exhibit only s l igh t  variations w i t h  surface temperature 
(51 ,  ( 6 ) .  However, measurements by Becker of spec t r a l  emissivit ies of 
depos i t s  on laboratory prepared probes showed distinctive non-grey behavior. 
For typical flame temperatures of 1700 K and typical surface temperatures of 
1100 K ,  u p  t o  0 . 2  h ighe r  values were found f o r  e m i s s i v i t i e s  than f o r  
absorptivites. Non-greyness of emission and absorption is  typical for glassy 
material  and i s  due to  the low spectral absorptivities a t  short wavelengthes 
which becomes dominant f o r  r ad ia t ive  t r a n s f e r  a t  more e leva ted  flame 
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temperatures.  The assumption o f  g rey  r a d i a t i o n  o f  f u rnace  deposits and 
consequent use of grey emiss i v i t y  values f o r  determination o f  absorption may 
l e a d  t o  e r r o r s  i n  h e a t  t r a n s f e r  c a l c u l a t i o n s  f o r  f u rnaces  w i t h  moderate 
d e p o s i t s  s i n c e  a t  l o w e r  s u r f a c e  temperatures absorpt ion i s  several times 
l a r g e r  than  re -emiss ion .  By p e r f o r m i n g  de ta i l ed  one-dimensional spectral 
calculat ions, Becker showed t h a t  f o r  a 10 m path length, t y p i c a l  o f  furnaces, 
and r e l a t i v e l y  c o o l  w a l l s  e r r o r s  up t o  +30% i n  p r e d i c t e d  n e t  h e a t  f l u x  
d e n s i t i e s  would r e s u l t  f r o m  t h e  assumption t h a t  t h e  d e p o s i t s  were grey. 
However, t hese  f i n d i  ngs a r e  based on spec t ra l  values found f o r  1 aboratory 
prepared probes. Spectral measurements o f  rea l  furnace deposits show reduced 
non-grey behavior ( 5 ) ,  ( 6 )  and higher e m i s s i v i t i e s  than the laboratory  probes 
(6 ) .  Moreover, c o l o r i n g  agents such as unburnt carbon as w e l l  as the rough 
su r face  s t r u c t u r e  o f  r e a l  deposi ts  and tube curvatures tend t o  make b o i l e r  
su r faces  more c l o s e l y  approx imate g rey  behavior. Thus, t he  importance o f  
non -g rey  d e p o s i t s  i s  u n c e r t a i n  i n  b o i l e r  chambers and, i n  any case, 
i n s u f f i c i e n t  i n f o r m a t i o n  i s  avai lab le t o  recomnend rep lac ing  the assumption 
of grey r a d i a t i o n  o f  d e p o s i t s  c u r r e n t l y  used i n  3-D f u rnace  models (see 
Section 4)  by expensive more r igorous spect ra l  models. 

4.0 PREDICTIONS OF INFLUENCE OF WALL OEPOSITS 
ON HEAT TRANSFER I N  EXISTING BOILERS 

On t h e  b a s i s  on t h e  l i t e r a t u r e  values o f  thermal proper t ies discussed 
above a considerable number o f  performance p red ic t i ons  have been c a r r i e d  out  
f o r  e x i s t i n g  b o i l e r  combustion chambers i n  the past two years. Some resu l t s  
o f  those c a l c u l a t i o n s  w i t h  relevance t o  the impact o f  ash deposits on heat 
t r a n s f e r  f o l l o w .  The t o o l  used f o r  the analys is  i s  an extreme f l e x i b l e  3-D 
Monte-Carlo t y p e  zone model ( 7 ) ,  (8). I n  t h i s  model, t he  emissive power o f  
each  vo lume and s u r f a c e  zone i s  d i s t r i b u t e d  i n t o  a d i s c r e t e  number o f  
r a d i a t i v e  beams. Taking m u l t i p l e  r e f l e c t i o n  a t  furnace wa l l s  i n t o  account, 
t h e  beams a r e  t r a c e d  th roughou t  the furnace volume u n t i l  f i n a l  absorption. 
Non-greyness o f  t h e  combust ion produts i s  modeled w i t h  a weighted grey gas 
approach. The r a d i a t i n g  species considered are H20, C02 and pa r t i cu la tes  
( s o o t ,  char and ash). Currently, char and ash p a r t i c l e s  are t rea ted  as grey 
r a d i a t o r s .  The model o f  r a d i a t i v e  exchange i s  d i r e c t l y  coupled w i th  a t o t a l  
heat balance o f  volume and surface (deposi t )  zones w i t h  unknown temperatures. 
The c a l c u l a t i o n  o f  c o n v e c t i v e  h e a t  f l u x e s  through the furnace i s  based on 
mass f l o w  v e c t o r s  a t  t h e  boundary o f  each zone o b t a i n e d  f rom isothermal 
modeling. The h e a t  r e l e a s e  p a t t e r n  i s  based on t h i s  f l o w  f i e l d .  The heat 
r e l e a s e  due t o  v o l a t i l e  combustion i s  based on observed v i s i b l e  flame length 
and t h e  h e a t  r e l e a s e  due t o  bu rnou t  o f  cha r  p a r t i c l e s  i s  ca lcu lated from 
carbon and oxygen ba l  ances solved simultaneously w i  t h  the heat balance. 

Example 1: Tangent ia l ly  Coal-Fired B o i l e r  

This  s t u d y  was c a r r i e d  ou t  t o  i nves t i ga te  the in f luence o f  ash deposits 
i n  a t w i n  furnace o f  a b o i l e r  o r i g i n a l l y  designed t o  f i r e  No. 6 o i l  a t  a net 
thermal  i n p u t  of 1000 MWt.  However, t h e  thermal i n p u t  of the furnace was 
reduced t o  590 MWt t o  i nves t i ga te  the prospects o f  f i r i n g  coal i n  t h i s  un i t .  
The c o a l  c o n s i d e r e d  was a Utah coa l  w i t h  8.8% ash content f i r e d  w i t h  30% 
excess a i r .  F i g u r e  4 shows the zoning o f  the furnace and the  assumed f low 
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I pa t t e rns .  The heat re lease  d u e  t o  combustion i s  indicated by the shaded 
area. The surface conditions were specified by the following i n p u t  data: 

Case A Clean surfaces, emissivity of tubes eW = 0.9 
Case B Powdery ash deposi t ,  = 0.6, As = 0.5mn, k = 0.3 KW/mK 
Case C Properties of ash depos i t  l aye r  i n  upper part of the furnace 

(above hea t - re lease  zone) as specified for Case 6; glassy ash 
deposit  l ayer  i n  lower part of the furnace w i t h  e t  = 0.8, AS = 
7mn, K = 1 10-3 KWImK. 

The properties for the powdery (primary) and for the glassy (molten) deposit 
l ayer  of the  Cases B and C correspond t o  average data from l i t e r a tu re  as 
c i t e d  above. The actual ca l cu la t ions  were c a r r i e d  out w i t h  an effective 
emiss iv i ty  of the t u b e  wal l s  tak ing  the shadow e f fec t  of the gap between 
adjacent tubes i n t o  account. 

Table 1 and Figures 5 through 7 show tha t  the bui ld-up  of ash deposits 
s e r ious ly  a f f e c t s  overall and local heat transfer. The difference (A*) i n  
computed furnace e f f i c i e n c i e s  for the extreme cases, A (clean walls) and C 
(h ighes t  thermal resistance),  i s  6.2 percentage points. The formation of a 
f i r s t  i n i t i a l  deposit  layer (Case B1 has a stronger impact on heat transfer 
than subsequent increase  of depos i t s  i n  the  lower furnace (Case C l .  The 
increase  of the thickness of ash deposit opposite t o  the heat release zone 
d isp laces  the  peak heat f luxes  up into the regions of the thinner deposits 
( F i g .  6 ) .  This i s  one reason why the b u i l d  u p  of depos i t  l aye r s ,  once 
s t a r t e d ,  spreads i n t o  adjacent wall zones. Once the deposit layers begin  
growing, surface temperatures can soon reach values i n  the range between 
sof ten ing  (1400 K )  and fusion temperature (1500 K) as indicated by shaded 
areas i n  Fig. 7. The furnace model is  also able to  predict, fo r  a given coal 
a s h  fusion temperature approximately the  development and extent of molten 
slag layers. 

Another i nves t iga t ion  showed f o r  the same boiler f ired w i t h  COM a t  a 
r a t e  of 875 M W t ,  showed t h a t  a decrease of sur face  emiss iv i ty  from 0.9 
( c l ean )  t o  0.6 ( i n i t i a l  deposit) raised mean furnace ex i t  temperature by 55 
K. 

Example 2 Opposed P.F. Fired Boiler 

This study was ca r r i ed  o u t  i n  order t o  ve r i fy  the 3-D furnace heat 
t r a n s f e r  model w i t h  performance data ava i l ab le  from a coal-fired, boiler 
combustion chamber of 1732 M W t  fuel  hea t  i n p u t .  The coal had a medium 
v o l a t i l e  content, an ash content of 6.6%, and was fired w i t h  28% excess a i r .  

tu rbulen t  components were superimposed on these vectors w i t h  the help of a 
simple model of turbulence. Fig.  8 shows a comparison of the profiles of gas 
temperatures measured and predicted for 100% Load i n  one half of the furnace 
o u t l e t  plane. The difference between predicted and measured values was less  
than 25 K.  The good agreement i s  par t ia l ly  due t o  a reasonable assumption of 
the  e f f e c t i v e  heat conduction coefficient (k/As)eff of the deposit layers. 
F i g .  9 shows how the predicted mean furnace ex i t  temperature varied w i t h  (k/A 

I 

I 

I In t h i s  case,  the  flow pa t te rn  was based on detailed distribution of mass 
I mean flow v e c t o r s  measured i n  a physical isothermal model. However, 
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s ) e f f  and compares t h o s e  p r e d i c t i o n s  w i t h  two da ta  p o i n t s  obtained f r o m  
measured heat balances o f  the b o i l e r  imnediately a f t e r  soot blowing and 20 h 
a f t e r  s o o t  b l o w i n g .  S i n c e  measurements and  o b s e r v a t i o n s  y i e l d e d  
approximately a 2mn deposi t  layer ,  which could n o t  be removed by soot blowing 
an e f f e c t i v e  thermal conduc t i v i t y  of 3.2 10-3 /mK can be deduced. An assumed 
v a l u e  o f  k = 0.8 10-3 KW/mK f o r  a d r y  p a r t i a l l y  s i n t e r e d  deposi t  would 
suggest t h e  b u i l d - u p  o f  an a d d i t i o n a l  l a y e r  o f  1.5 mm, 20 h a f t e r  soo t  
blowing f o r  a t o t a l  l a y e r  o f  3.5 mn thickness. 

F ig .  9 a l s o  c o n t a i n s  t h e  r e l a t i o n s h i p  o f  Tex = f (k /As)  f o r  a s i m i l a r  
b o i l e r  o f  1250 M W t  h e a t  i n p u t  i n  which s l a g g i n g  and f o u l i n g  problems are 
encountered. F u r t h e r  app l i ca t i ons  o f  the 3-D furnace model w i th  respect t o  
impact o f  wal l  deposits on heat t rans fe r  i n  CWM and COM f i r e d  furnaces may be 
found i n  ( 5 1 ,  (10). 

5.0 CONCLUSIONS 

Thermal c o n d u c t i v i t y  and emiss i v i t y  o f  wa l l  deposits have a considerable 
e f f e c t  on h e a t  t r a n s f e r  i n  l a r g e  b o i l e r s .  T h i s  r e s u l t s  i n  temperature 
d i f f e r e n c e s  o f  f u r n a c e  e x i t  t empera tu res  which i n f l u e n c e  furnace height, 
performance and c o s t s .  More e x a c t  va lues  o f  d e p o s i t  thermal properites, 
wh ich  v a r y  ove r  a wide range o f  temperatures and condit ions, than cu r ren t l y  
a v a i l a b l e  a r e  needed f o r  d e t a i l e d  p r e d i c t i o n  o f  t he  i n i t i a l  formation o f  
d e p o s i t  1 ayers. However, gross c h a r a c t e r i s t i c s  o f  thermal proper t ies can be 
assumed and are s u f f i c i e n t  t o  est imate the  performance o f  furnaces, since the 
model conta ins other  major unce r ta in t i es  such as, thickness and inhomogenous 
d i s t r i b u t i o n  o f  d e p o s i t s  a t  f u rnace  w a l l s  and superheaters .  Th is  i s  
e s p e c i a l l y  t r u e  between s o o t  b l o w i n g  cycles. The 3-D heat- t ransfer  model 
used i n  t h e  p r e s e n t  s t u d y  has t h e  p o t e n t i a l  t o  f o r m  t h e  b a s i s  o f  a more 
comprehensive model o f  slagging and f o u l i n g  because i t  can provide r e l i a b l e  
p r e d i c t i o n s  of f l a m e  and deposi t  temperatures. A model o f  ash t ranspor t  i s  
c u r r e n t l y  b e i n g  c o u p l e d  w i t h  t h e  fu rnace  h e a t  t r a n s f e r  model which w i l l  
account f o r  t ime-temperature h i s t o r i e s  o f  ash and wa l l  c o l l i s i o n s .  
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Introduction 

tendency of the fuels t o  foul and slag. A large number of correlations based on 
the oxides of an ash produced in the laboratory ex i s t  ( 1 , Z ) .  The success o f  these 
correlations has been limited t o  the range of ash properties for which they were 
developed, and even then, these relationships may be unreliable. For instance, 
existing correlations can predict whether a fuel will create deposition problems 
i n  boilers rarely,  occassional l y ,  or frequently for  approximately 50 percent of 
the fuels. An accuracy only s l i gh t ly  better t h a n  random guess (3 ) .  

Potential problems using available techniques have been discussed in the l i t -  
erature (2,3,4,5). 

Proper design and operation of coal-fired boilers requires prediction of the 

The problems resul t  from: 
Preparation and analysis of the ash ( 6 )  

0 Ignoring the dis t r ibut ion and individual nature of mineral 
matter (4 ,6 )  
Neglecting the influence of ash content (7)  
Ignoring the design of the boilers including heat release r a t e ,  
heat fluxes and velocity profiles (3,8,9) 

In  addition the correlation should n o t  be used for  coals with properties outside 
the range fo r  which the correlations were developed. 

dict  performance, effor ts  t o  develop and verify new techniques to  predict prefor- 
mance, and application of these techniques t o  predict the slagging and fouling 
behavior of European brown coals. 

This paper describes the limited success of applying such techniques t o  pre- 

Prediction of Slaggi ng Performance 
Slaggirig performance of coals in boilers has been predicted by: 

0 temperature of c r i t i c a l  viscosity,  
0 the base t o  acid r a t io ,  
0 and the..base t o  acid r a t io  multiplied by the sulfur content of 

the coal. 
Predictions of slagging and fouling using these relationships are  compared 

t o  boiler performance f o r  the s ix  European brown coals l i s t ed  in Table 1 .  The 
calculated indicies and estimated and actual performance of the fuels are shown in 
Table 2.  

changes from plast ic  to Newtonian behavior. 
by soot blowing. As a consequence, fuels with low temperatures of c r i t i c a l  vis- 

The temperature of c r i t i c a l  viscosity i s  the teqperature a t  which the slag 
Plast ic  slags are d i f f i cu l t  t o  remove 
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c o s i t y  a re  expected t o  form d i f f i c u l t  t o  remove p l a s t i c  and mol ten s lags more 
r e a d i l y  than o t h e r  f u e l s .  

t he  measurements a r e  t ime consuming and expensive and the  temperature a t  c r i t i c a l  
v i s c o s i t y  i s  u s u a l l y  est imated u s i n g  emperical formulae. For  instance,  Watt and 
Fereday (10) developed 

The temperature a t  c r i t i c a l  v i s c o s i t y  can be measured i n  a viscometer, b u t  

TE = d&+ 150 i n  OC 

where S i02  + + Fez03 + CaO + MgO = 1 2 ) .  
and m = 0.835 Si02 + 0.601 Ai203 - 0.109 3) .  

c = 4.15 Si02 + 1.92 Ai203 4 ) .  
The temperature a t  c r i t i c a l  v i s c o s i t y  probably  does n o t  adequately p r e d i c t  

s lagging behavior  o f  t he  s i x  European brown coa ls  o f  t h i s  s tudy.  The q u a l i t a t i v e  
r e l a t i o n s h i p  between depos i t s  formed i n  a b o i l e r  and t h e  temperature of c r i t i c a l  
v i s c o s i t y  est imated by t h e  technique o f  Watt and Fereday (10) i s  shown i n  F igu re  
l a .  The data appear t o  c o r r e l a t e  w i t h  observat ions,  b u t  p r e d i c t  improved per for -  
mance a t  an i n te rmed ia te  temperature o f  c r i t i c a l  v i s c o s i t y .  
f o r  t h i s  and the c o r r e l a t i o n  may be f o r t u i t i o u s .  

ab l y  does n o t  c o r r e l a t e  t h e  s lagg ing  data e i t h e r .  
t o  a c i d  r a t i o  appears t o  c o r r e l a t e  the  p r e d i c t i o n  o f  performance o f  brown coa ls  
i n  b o i l e r s .  
r a t i o  o f  0.3. This  i s  q u i t e  p o s s i b l e  wi th t h e  fo rma t ion  o f  e u t e t i c s .  However, 
comparison o f  F igure l a  and l b  shows t h e  curves a r e  reve rsed  and t h e  p r e d i c t i o n  o f  
performance o f  a l l  t h e  f u e l s  f a l l  i n  t h e  same r e l a t i v e  p o s i t i o n  on bo th  curves. 
This again leads t o  u n c e r t a i n t y  as t o  t h e  reasonableness and t h e  r e l i a b i l i t y  o f  
t h e  c o r r e l a t i o n s  i n  F igu re  1. 

t h e  f u e l s  i n  the  b o i l e r s .  

by A t t i g  and Duzy (11). 
CaO + MgO b u t  i s  a p p l i e d  t o  a l l  ashes i n  t h i s  study. Only two o f  t h e  ashes' i j  
t h i s  study have Fe2Og)CaO f MgO. L e i p z i g  has about equal amounts and Nordbohmen 
has g rea te r  Fez03 than CaO + MgO. The base t o  a c i d  r a t i o  (shown i n  F igu re  2a) i s  
recomnended t o  c o r r e l a t e  s lagg ing  behavior of ashes w i t h  CaO + MgO>Fe 03 (11) .  
F ive o f  t he  fue l s  c o r r e l a t e  reasonably w i t h  Rs b u t  t h e  s lagg ing  o f  Norzbohrnen was 
g r e a t l y  underestimated. However,, t h i s  f u e l  was t h e  o n l y  one wi th s i g n i f i c a n t l y  
g rea te r  Fez03 than CaO + MgO and.might n o t  c o r r e l a t e  wi th t h e  o t h e r  f i v e  f u e l s .  

f ac to r .  
def ined as: 

No reason i s  known 

The base t o  a c i d  r a t i o  i s  the reverse o f  t h e  p rev ious  r e l a t i o n s h i p  and prob- 

This r e l a t i o n s h i p  p r e d i c t s  optimum performance a t  a base t o  a c i d  

F igu re  l b  shows t h a t  t h e  base 

The standard s lagg ing  f a c t o r ,  Rg, cou ld  n o t  c o r r e l a t e  t h e  performance of a l l  
The s lagging f a c t o r  i s  defined as 

Rs = 0/A * S 5). 
Th is  equat ion i s  suggested f o r  ashes which have Fe 0 > 

A good c o r r e l a t i o n  o f  a l l  s i x  f u e l s  was developed by mod i f y ing  the  s lagg ing  
The r e l a t i o n s h i p  i s  shown i n  F igu re  2b where t h e  s l a g g i n g  f a c t o r ,  f,, i s  

f, = 1.7 + 1.7 Si02* + 0.8 Ai2O3* - 6.0 (S)O$ke 6 ) .  
-2.2 (CaO* + MgO*) - 1.9S03* - 1.3 ( A l k P  

where fs = 0 is  s t rong  s lagg ing  
and f S  = 1 i s  no s lagg ing  

263 



and [ I* = r I* 
1- Si02 t SiOzcorr 

7 ) .  

Ci02corr = 823 rso3 2'65- exp (-9.45 rso3) Fe203 8 ) .  

9).  
%I.--. 

rS03 = 1-S102 
where S i s  the weight percent su l f e r  i n  the coal as received and a l l  other compo- 
s i t i ons  are weight percent of the ash. 

Predictions of Fouling Performance 
The fouling performance of the s ix  brown coals of this  study could not be ad- 

equately predicted by existing o r  new techniques. 
coals w i t h  CaO + MgO>FepO3 i s  usually predicted by the sodium content of the ash. 
Figure 3a shows the correlation of the qual i ta t ive  observation of fouling in 
boilers w i t h  the a lka l i  (Na 0 plus K 0 )  content of the ash. All the coals except 
Ungarn correlate with the  a?kali cedent of the ash. However, no explanation iS 
available fo r  the fouling of the Ungarn which had 0.0 a lka l i  content in the ash. 
A new fouling fac tor ,  f F s  

The fouling performance of 

( 7 )  was moderately successful, Figure 3b, i n  
correlating the fouling performance of coals. 
ex is t s  i n  the relationship.  

However, considerable sca t t e r  s t i l l  

P i lo t  Scale Prediction o f  Fouling and Slaqqing Performance 

the analysis of the oxides o f  ashes produced in laboratory apparatus has prompted 
the Technical University of Dresden t o  develop p i lo t  scale t e s t s  t o  predict slag- 
ging and fouling of ashes in boilers.  
which determine slagging and fouling charac te r i s t ics  of fuels not determined by 
current laboratory o r  other small scale t e s t s .  The f i r s t ,  determines the fouling 
and slagging of the fuel under d i f fe ren t  combustion conditions. 
the coal i s  burned i n  a small drop t u b e  furnace. The level o f  oxygen and the 
thermal environment of combustion are changed. The par t ic le  temperatures a re  
measured w i t h  thermographic techniques and the nature and deposition r a t e  evalu- 
ated. 
t i o n  history i n  boilers and avoids production of a n  a r t i f i ca l  mean ash. This 
technique does not account f o r  a s h  t ra jec tor ies  in boilers.  

mined i n  a second t e s t .  In t h i s  t e s t ,  the coal i s  burned i n  a small cyclone com- 
bustion chamber. 
history of ashes i n  boilers.  In addition, a cyclone chamber subjects the coal t o  
centrifugal forces, which allows the ab i l i t y  of the f l y  ash particles t o  follow 
streamlines to  be assessed. 

performance of European brown coals i s  currently being evaluated. 
su l t s  are promising. 

The limited success of predicting fouling and slagging performance based upon 

Two t e s t s  a re  currently being evaluated 

In this t e s t ,  

Such a technique can simulate the limits of the time temperature concentra- 

The tendency of ash to  follow streamlines o r  deposit on surfaces i s  deter-  

This chamber can a l so  simulate the l imits of time a n d  temperature 

The ab i l i t y  of these p i lo t  scaled t e s t s  t o  predict the slagging and fouling 
Preliminary re- 
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A& OVERVIEW OF MINERAL MATTER CATALYSIS OF COAL CONVERSIOK* 

Thomas D. Padrick 
Sandia National Laboratories, Albuquerque, NM 87185 

I 

INTRODUCTION 

Since the 1920's, several studies have focused on the catalytic 
effects of inherent mineral matter on coal conversion.l In recent 
years, we have witnessed an increase in the level of coal research 
and the development of new coal utilization processes. In parallel 
with this activity, there have been reports on the effects of coal 
minerals on coal liquefaction, coal gasification, in-situ coal 
gasification, and other areas of coal This 
overview will deal primarily with recent results of mineral matter 
effects in coal liquefaction and coal gasification. The terms 
minerals, mineral matter, and ash will be used synonymously. An 
attempt will not be made to review the effects of all classes of 
minerals, but will only consider those minerals which have shown a 
large effect on coal conversion processes. A good review of the 
specific minerals present in a variety of coals can be found in the 
work of Gluskoter et a1.6 

COAL LIQUEFACTION 

The Germans used coal liquefaction on a commercial scale from 
1930 to the end of the second World Uar. They found that a catalyst 
could enhance liquid yields and help remove heteroatoms. The 
Bergius process used an iron oxide-aluminum catalyst at a 2-3% by 
coal weight concentration. 

In recent years, it has been realized that mineral matter plays 
an important role in coal liquefaction, 7t8. 
of the added catalyst in the Bergius process. Several experimental 
techniques have been used to study the effects of minerals on coal 
liquefaction and to identify the specific catalytic phase.1° Most 
studiesllnl2 strongly imply that the iron sulfides are the most 
active species, and the other minerals appear to have little effect 
on enhancement of liquid yield or quality. 

The specific role of pyrite (FeSZ) as a catalyst has been 
under investigation since pyrite was identified as the most active 
inherent mineral for coal liquefaction. Under liquefaction 
conditions, FeS2 is transformed into a nonstoichiometric iron 
sulfide, Fel-XS (0 < X < 0.125). Thomas et a1.13 studied the 
kinetics of this decomposition under coal liquefaction conditions, 
and concluded that the catalytic activity of FeS2 is associated 
with radical initiation resulting from the pyrite-pyrrhotite 
transformation. 

Several studies have investigated the possibility that defects 
in the pyrrhotite structure provide the sites for catalyst 
activity. A recent study14 found a linear correlation between the 
conversion to benzene or THF solubles and the atomic percent iron in 

similar to the role 

* This work supported by the U. S. Dept. of Energy at Sandia 
National Laboratories under contract no. DE-AC04-76DP00789. 
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the liquefaction residues. Montan0 et al.15 used in situ 
M6ssbauer spectroscopy to study transformation of ES- 
Fel-XS. 
reaction temperature (above 350°C). 

particle sizes, pyrite defects and surface areas on coal 
liquefaction. They observed no effect due to surface area and 
concluded that the observed particle size effect was due to 
diffusional limitations in the transformation of pyrite to 
pyrrhotite. 

While many studies inaicate that pyrrhotites are probably 
involved in the liquefaction process, the exact mechanism by which 
pyrrhotite cat'alyzes the conversion of coal to oil is not clear. 
Based on the works of Thomas et al.13 and Derbyshire et al.,ll 
one can suggest that a possible role of pyrrhotite is as a 
hydrogenation catalyst. However, more work is necessary on the 
surface properties of the pyrrhotites and the interaction with model 
compounds before a definite catalytic mechanism can be proposed. 

They observed a large pyrrhotite surface area at the 

Stohl and Granoff16 investigated the effects of pyrite 

COAL GAS I FI CAT I ON 

The gasification of coal involves two distinct stages: 
(1) devolatilization and (2) char gasification. Devolatilization 
occurs quite rapidly as the coal is heated above 4OOOC. During this 
period, the coal structure is altered, producing a less reactive 
solid (char), tars, condensible liquids and light gases. Nominally 
40% of the coal is volatilized during this period. The less 
reactive char then gasifies at a much slower rate. We will discuss 
the effects of coal minerals on both devolatilization and char 
gasification. 

devolatilization of coal (heating rates approximating process 
conditions) .17818 Recently, the effects of coal minerals on the 
rapid pyrolysis of a bituminous coal were reported by 
Franklin, They found that only the calcium minerals 
affected the pyrolysis products. 
tar, hydrocarbon gas and liquid yields by 20-30%. The calcium 
minerals also altered the oxygen release mechanism from the coal. 
Franklin, etal. attribute these effects to CaC03 reduction to 
CaO, which acts as a solid base catalyst for a keto-enol 
isomerization reaction that produces the observed CO and H2O. 

investigated the reactivit 
in air, C02, H2 and ~tearn.$O-~3 
linear correlation between reactivity and CaO content in the ash. 
They also observed an increase in reactivity with MgO, up to about 
1%; They found no correlation between reactivity and iron content 
or total K or Na content. In their studies on hydrogen and steam 
gasification, the Penn State group used coals demineralized by acid 
washing to study mineral matter effects. While changes were 
observed in these studies, it was difficult to attribute these 
changes to catalytic effects or physical effects. 

had a beneficialcatalytic effect on hydrogenation at 57OOC. 
suggested that the catalytic activity was due to pyrrhotite 
formation. HGttinger and Krauss25 reached a similar conclusion 
concerning the catalytic activity of pyrite, and concluded that 

A large volume of work has been reported on rapid 

Addition of CaC03 reduced the 

Walker and co-workers at the Pennsylvania State University have 
of a variety of coals during gasificaton 

Hippo and Walker21 found a 

Mahajan et al.24 observed that the presence of pyrite in coal 
They 
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above 85OoC, iron enhanced the methane formation if the H2 
pressure was sufficiently high. 

rate of a Pittsburgh Seam coal at 1000°C when various . 
iron-containing minerals were mixed with the coal. They 
investigated the chemical effect of the minerals by measuring 
H2/D2 exchange rates, and also determined the physical effect of 
the mineral addition on the resultant surface areas and pore volumes 
of the chars. While the correlation of 1OOO'C hydrogasification 
rates with measured parameters was somewhat better including the 
chemical effects of the minerals, it was concluded that the 
gasification rates for the various sources of reduced iron were 
primarily due to the physical iteraction of the minerals with the 
coal. 

Padrick et a1.26 observed enhancement of the hydrogasification 
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EFFECTS OF EXCHANGEABLE CATIONS ON THE CONVERSION OF LOW RANK COALS TO GASES AND 
LIQUIDS 

Robert G. Jenkins  

Fuel Science Program 
Department of Mater ia l s  Science and Engineering 

The Pennsylvania S t a t e  Un ive r s i ty ,  Univers i ty  Park,  PA 16802 

INTRODUCTION 

It has become ev iden t  t h a t  f o r  low rank coa l s  (gene ra l ly  of subbituminous C and 
lower) t he  inorganic  c o n s t i t u e n t s  p lay  major r o l e s  i n  t h e i r  u t i l i z a t i o n .  
coa l s  a r e  p a r t l y  cha rac t e r i zed  by the presence of s i g n i f i c a n t  q u a n t i t i e s  of carboxyl 
and phenolic groups which a r e ,  t o  varying degrees,  a s soc ia t ed  wi th  a l k a l i  and 
a lka l ine-ear th  metal c a t i o n s  ( 1 . 2 . 3 , 4 ) .  A s  an example, i n  an e a r l i e r  study (2 )  we 
reported t h a t  these  exchangeable metal  c a t i o n s  can account f o r  approximately 3 w t X  
(dmmf) of a Montana L ign i t e .  
coa l s  is calcium. However, apprec iab le  concen t r a t ions  of sodium and magnesium a r e  
found (2 ,3 ) .  
assoc ia ted  wi th  meta l  c a t i o n s  (2,3). 

These 

The dominant exchangeable metal  ca t ion  i n  US low rank 

Genera l ly ,  approximately between 30 t o  60% of the  carboxyl groups a r e  

It is important t o  d i f f e r e n t i a t e  between these  exchangeable inorganic  spec ie s  
and the minera logica l  components when cons ider ing  the  behavior of  low rank coa l s  
under process ing  condi t ions .  
t h e i r  d i spe r s ion  throughout t h e  coa l  matrix. In  the  case  of the exchangeable 
ca t ions ,  they a r e  d i spe r sed  on an  atomic b a s i s ;  t h a t  is, each metal  c a t i o n  is 
assoc ia ted  wi th  one or two carboxyl ic  ac id  groups. There have been many e l ec t ron  
microprobe s t u d i e s  ( 5 ) .  f o r  example, which have shown t h a t  t he  inorganic  elements 
under inves t iga t ion  are extremely uniformly d i s t r i b u t e d  through a l i g n i t e .  
essence,  i n  t h a t  type of s tudy ,  it is impossible t o  reso lve  p r e c i s e l y  the  
d i s t r i b u t i o n  because t h e  c a t i o n s  a re  of an atomic s i z e .  much lower than the 
r e so lu t ion  of t he  instrument.  When cons ider ing  the  minera logica l  spec ie s ,  i t  is 
wel l  e s t ab l i shed  t h a t  t h e  g r e a t  major i ty  of t he  minera ls  e x i s t  i n  s i z e  ranges 
g r e a t e r  than 1 pm. 
the  cations.  This s i z e  d i f f e r e n t i a t i o n  has ,  of course ,  r ami f i ca t ions  on the 
chemical behavior of t h e  spec ie s  as w e l l  a s  phys i ca l  cons idera t ions .  
extremely l i k e l y  t h a t  t h e  exchangeable metal  ca t ions  a r e  of much d i f f e r e n t  chemical 
r e a c t i v i t y  than  a l i k e  atom i n  t h e  l a t t i c e  of some minera logica l  species.  F ina l ly ,  
i t  must be r ea l i zed  t h a t  on py ro lys i s  (which accompanies combustion, g a s i f i c a t i o n  
and l i que fac t ion  p rocesses )  t h a t  the carboxyl ic  ac id  s a l t s  w i l l  decompose t o  
l i b e r a t e  a metal  c a t i o n  as some chemically r eac t ive  e n t i t y .  
of s in t e r ing .  or agglomeration, t h e  c a t i o n  der ived  spec ie s  w i l l  be f i n e l y  d ispersed ,  
i.e., s t i l l  much smal le r  than the  vas t  major i ty  of minera logica l  pa r t i c l e s .  

T h e  most s i g n i f i c a n t  d i f f e r e n t i a t i o n  is, of course,  

I n  

Thus. they  sre seve ra l  o rde r s  of magnitude g r e a t e r  i n  s i z e  than 

It is 

Even a f t e r  some degree 

It is t h e  goa l  of t h i s  p re sen ta t ion  t o  review s e v e r a l  recent  s tud ie s  which have 
shown the importance of understanding the na ture  of t he  exchangeable ca t ions  i n  the 
u t i l i z a t i o n  of low rank coa ls .  

DIRECT LIQUEFACTION 

It is wel l  known t h a t  dur ing  d i r e c t  l i q u e f a c t i o n  the re  is always some amount of 
mater ia l  which appears as inso lub le ,  r e s i d u a l  s o l i d s  (6 ,7 ) .  
composed of a wide range of carbonaceous and inorganic  ma te r i a l s .  However, i n  t h i s  
case we a r e  only i n t e r e s t e d  i n  those genera ted  dur ing  the  l i q u e f a c t i o n  of low rank 
coals.  The most impor tan t  f e a t u r e  of r eac to r  depos i t s  obtained from these  coa l s  is 
the  formation of calcium carbonate  as c a l c i t e  and/or metas tab le  v a t e r i t e  (6 ,7 ,8 ,9) .  
Detailed o p t i c a l  and SEM s t u d i e s  on these  s o l i d s  i n d i c a t e s  t h a t  carbonate is 
prec ip i t a t ed  and is n o t  r e l a t e d  t o  c a l c i t e  g r a i n s  which may occur i n  t he  feed low 

These s o l i d s  a r e  
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rank coa l  (6 ,7) .  
these  coa ls .  A s emi -quan t i t a t ive  r e l a t i o n s h i p  can be found between the  amount of 
depos i ted  s o l i d s  and t h e  ion-exchangeable calcium content  of the  feed coa l  (6). 
Liquefac t ion  experiments made on an  ac id  washed coa l  r e su l t ed  i n  no production of 
calcium carbonate. A s e r i e s  of experiments were made on a Wyodak subbituminous coa l  
which was f i r s t  demineralized and then back exchanged wi th  calcium a c e t a t e  so lu t ion .  
The calcium loaded ( 5  wt%) ,  d r i ed  coa l  was then  reac ted  a t  400°C i n  t e t r a l i n  
(N CO and H S atmospheres) f o r  per iods  varying from 10 t o  60 min. 
Thg 'qua i t i ty  o? calcium carbonate was determined q u a n t i t a t i v e l y  by measuring the  
volume of CO evolved on t r e a t i n g  the  r eac t ion  products  wi th  1N HC1. The 
r e s u l t s  of t i i s  s e r i e s  of experiments a r e  shown i n  F igure  1. 
as a f i r s t -o rde r  p lo t  i n  terms of the  conversion of carboxyla tes  t o  the  t h e o r e t i c a l  
amount of  CaC03 t h a t  could be produced. 
f i r s t  o rder  p lo t  r a t h e r  well. 
calcium s con e r t e d  t o  carbonate a f t e r  about 23 mins. The ca l cu la t ed  r a t e  cons tan t  
is 5x10-' sec-'. I n  a l l  ca ses ,  the  c rys t a l log raph ic  form of calcium 
carbonate produced was found t o  be a mixture of c a l c i t e  and v a t e r i t e .  From the  d a t a  
p lo t t ed  i n  Figure 1 ,  i t  can be seen t h a t  the  r a t e  of conversion of calcium c a t i o n s  
t o  carbonate ,  under these  condi t ions ,  is not a f f e c t e d  by the  presence of t h e  th ree  
gaseous atmospheres u t i l i z e d  (H20, N2 and COz)- 

The source  of t he  calcium is t h e  exchangeable calcium present  i n  

The da ta  a r e  expressed 

It is obvious t h a t  these  d a t a  f i t  t he  
Under these  cond i t ions  50% of the exchangeable 

COAL PYROLYSIS 

I n  any inves t iga t ion  dea l ing  with the  r o l e  of exchangeable metal c a t i o n s  i n  
coa l  py ro lys i s  one has  t o  be concerned wi th  s e v e r a l  gauges of py ro lys i s  behavior. 
A s  examples, i t  is important t o  ga in  understanding of t he  e f f e c t s  of t h e  c a t i o n s  on 
t o t a l  weight l o s s ,  t a r  evolu t ion ,  product gas  composition, decarboxyla t ion  and 
k i n e t i c s .  Several  i nves t iga t ions  have been made i n t o  t h i s  genera l  a rea .  Tyler  and 
Schafer ( l o ) ,  Frankl in  e t  a l .  ( l l ) ,  and Otake (12)  s tud ied  t h e  e f f e c t s  of 
exchangeable ca t ions  on t o t a l  weight l o s s  and t a r  y i e l d  over a wide range of 
r eac t ion  conditions.  They found, i n  gene ra l ,  t h a t  replacement of the  metal  c a t i o n s  
by pro tons  leads  t o  an inc rease  i n  weight l o s s .  
s tud ied  the  decarboxylation of low-rank coa l s  i n  fixed-bed r eac to r s  a t  slow hea t ing  
ra tes .  They found t h a t  removing the  metal  ca t ions  does r e s u l t  i n  an inc rease  i n  the  
amount of decarboxylation a t  any given temperature. 

Murray (14) and Schafer (15,16) 

I n  recent s t u d i e s  i n  these  l a b o r a t o r i e s  (17,18,19),  Morgan found profound 
e f f e c t s  of t he  metal  ca t ions  on rapid py ro lys i s  of a Montana l i g n i t e  i n  an en t r a ined  
flow apparatus.  
func t ion  of the  presence of metal  exchangeable c a t l o n s  f o r  a res idence  time of about 
250 m s  (Table 1). 

Tota l  weight l o s s ,  a t  1173 K i n  N / H e ,  was found t o  be a 

TABLE 1 

EFFECT OF CATIONS ON MAXIMUM WEIGHT LOSS I N  ENTRAINED 
FLOW REACTOR, 1173 K ,  DICF* BASIS (17.18) 

I 

Sample m o l e s  ca t ion /g  DICF Coal 

Raw 
Ca A 
Ca B 
C s  c 
Ca D 
Acid Washed 

* DICF: Dry Inorganic Cons t i tuent  Free 

0.94 
1.11 
0.84 
0.75 
0.49 -- 

w t  Loss 

31 
30 
29 
35 
39 
49 

A s  can be seen from Table 1 ,  a s  t h e  loading  of calcium inc reases  the re  is a drop  i n  
the t o t a l  yield.  The most s i g n i f i c a n t  reduct ions  t akes  p lace  a f t e r  t h e  i n i t i a l  
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loadings. 
constant.  
caused a reduct ion  i n  t h e  amount of t a r s  evolved when compared t o  the  acid-washed 
sample. FTIR s p e c t r a  of the  tars evolved i n  these  cases  ind ica t ed  t h a t  t a r s  from 
the  raw coa l  con ta in  t h r e e  times t h e  amount of a l i p h a t i c  hydrogen a s  do t h e  t a r s  
from t h e  acid-washed sample. F ina l ly ,  i t  was found t h a t  the presence of  the metal 
ca t ions  re ta rded  the  decomposition of t h e  carboxyl ic  a c i d  groups. I n  t h i s  study. 
t he  carboxyl ic  ac id  concen t r a t ions  were determined d i r e c t l y  on the  pyrolyzed l i g n i t e  
samples. 

Af t e r  a c e r t a i n  l e v e l  of calcium c a t i o n s  the  e f f e c t s  become e s s e n t i a l l y  
Morgan's s t u d i e s  a l s o  suggested t h a t  presence of exchangeable ca t ions  

GASIFICATION REACTIVITY 

It has  been wel l  recognized t h a t  t h e  measured g a s i f i c a t i o n  r e a c t i v i t i e s  of coa l  
cha r s ,  prepared under s i m i l a r  condi t ions ,  a r e  a func t ion  of t he  rank of the  parent 
coa l  (20.21). The cha r s  of h ighes t  r e a c t i v i t i e s  a r e  those  derived from l ign i t e s .  
Corre la t ion  have been made between the r e a c t i v i t i e s  and the  amount of exchangeable 
calcium ca t ions  i n  the  c o a l s  or calcium in t he  cha r s  (20.21,22). However, i t  was 
not  u n t i l  t he  work of Radovic e t  a l .  (23,24,25,26,27) t h a t  i t  was shown, i n  the  case  
of calcium loaded onto a North Dakota L ign i t e ,  t he  c a t a l y t i c  spec ies  was calcium 
oxide. 
func t ion  of the  s e v e r i t y  of py ro lys i s  cond i t ions  was due t o  c a t a l y s t  c r y s t a l l i t e  
growth ( s i n t e r i n g ) .  As pyro lys i s  s e v e r i t y  increased  then the  measured r e a c t i v i t i e s  
were reduced. A c o r r e l a t i o n  was drawn between the  observed g a s i f i c a t i o n  
r e a c t i v i t i e s  and the  d i s p e r s i o n  ( a s  measured by c r y s t a l l i t e  s i z e )  of t h e  
c a t a l y t i c a l l y  a c t i v e  calcium oxide. Thus. the  g a s i f i c a t i o n  r e a c t i v i t y  of l i g n i t e  
cha r s  was shown t o  be dominated by the concent ra t ion  of t h e i r  inherent  c a t a l y s t  
s i t e s .  

have been made on chars  and not  t he  corresponding raw or pre t r ea t ed  l i g n i t e s .  It  is 
becoming ev ident  t h a t  t h e  exchangeable ca t ions  can have s i g n i f i c a n t  e f f e c t s  on 
combustion and g a s i f i c a t i o n  of t he  coa l s  themselves. 
and Jenkins (19)  and Morgan and Scaroni (28) have ind ica t ed  r e l a t i o n s h i p s  between 
the  presence/absence of exchangeable metal c a t i o n  and the  r a t e s  of 
gas i f ica t ion /combust ion  of  l i g n i t e s .  
e f f e c t s  of t h e  c a t i o n s  on rap id  py ro lys i s  r a t e s  can u l t ima te ly  r e s u l t  i n  
enhancements i n  ox ida t ion  r e a c t i v i t y .  

I n  add i t ion ,  i t  was e s t ab l i shed  t h a t  t h e  observa t ion  t h a t  r e a c t i v i t y  was a 

I t  is important t o  recognize t h a t  the  aforementioned r e a c t i v i t y  measurements 

Some da ta  reported by Morgan 

It is apparent from t h e i r  da t a  t h a t  t he  

SUMMARY 

As research  proceeds i n  the  a r e a  of low rank coa l  u t i l i z a t i o n ,  i t  is becoming 
obvious t h a t  t he  inhe ren t  inorganic  c o n s t i t u e n t s  of t hese  coa l s  have profound 
inf luences  on t h e i r  behavior. The reason f o r  t h i s  i n f luence  is r e l a t ed  t o  the f ac t  
t h a t  a s i g n i f i c a n t  propor t ion  of t h e  inorganic  components a re  i n  the form of 
a tomica l ly  d ispersed  exchangeable metal ca t ions .  It is evident t h a t  va r i a t ions  i n  
the  metal ca t ion  conten t  can b r ing  about s i g n i f i c a n t  d i f f e rences  i n  t he  performance 
and behavior of these  coa ls .  
looking i n  more depth  a t  the  "benefication" of low rank coa ls  by e f f e c t i n g  
a l t e r a t i o n s  i n  t h e  chemical d i s t r i b u t i o n s  of t h e  c a t i o n s  a s soc ia t ed  wi th  t h e i r  
carboxyl ic  ac id  f u n c t i o n a l i t i e s .  

With t h a t  i n  mind, i t  may w e l l  be tha t  we should be 
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P 

I. In t roduc t ion  

The d i r e c t  l i q u e f a c t i o n  of c o a l  i s  a p r o c e s s  t h a t  i n v o l v e s  t h e  i n t e r a c t i o n  
between c o a l ,  hydrogen, s o l v e n t ,  and c a t a l y s t s .  Mipfit--;3tyatter h a s  been known t o  
enhance t h e  c o n v e r s i o n  o f  c o a l  t o  l i q y i $ i  p r o d u c t s .  A d d i t i o n  of p y r i t e ,  
p y r r h o t i t e ,  and l i q u e f a c t i o n  r e s i d u e s  t o  c o a l  a s  been shown t o - a f f e c t  t h e  c o a l  
conversion y i e l d s  and t h e  v i s c o s i t y  of t h e  products. '  O f  a l l  t h e  mine ra l s  p r e s e n t  i n  
c o a l ,  p y r i t e  (and marcas i t e )  e most i m p o r t a n t  f o r  c o a l  u t i l i z a t i o n ,  e s p e c i a l l y  
i n  d i r e c t  coal  However,  o n e  h a s  t o  remember t h a t  u n d e r  c o a l  
l i q u e f a c t i o n  c o n d i t i o n s  p y r i t e  r a p i d l y  t r a n s f o r m s  t o  a non s t o i c h i o m e t r i c  i r o n  
s u l f i d e  Fe,-xS(O<x<0.125). I t  is n o t e d  t h a t  t h e  s u l f u r  formed a s  a r e s u l t  of t h e  
decomposition o f p y r i t e  is ab le  t o  e x t r a c t  hydrogen f rom poor  donor  s o l v e n t s .  The 
s t o i c h i o m e t r y  of6fhe p y r r h o t i t e  formed f rom FeS2 depends s t r o n g l y  on t h e  p a r t i a l  
p r e s s u r e  of H2S. 

s to i ch iomet ry  o f  t h e  i r o n  s u l f i d e s  was observed by Montano and Gj-anoff 
c o n v e r s i o n  is accomplished by a more i r o n - d e f i c i e n t  p y r r h o t i t e .  Stephens e t  a1 
s t u d i e d  t h e  e f f e c t  of a d d i t i v e s  t o  an IL#6 conversion t o  l i q u i d  p roduc t s .  The i r  work 
s t r o n g l y  suggests  t h a t  Fel-xS and H2S p lay  a c a t a l y t i c  r o l e  i n  t h e  conversion of c o a l  
t: o i l s .  These r e s u l t s  good a g r e e m e n t  w i t h  t h e  o n e s  ob ta ined  from i n  s i t u  
Mossbauer measurements, (g"'1b3 where t h e r e  was c l e a r  evidence of i n t e r a c t i o n  between 
t h e  i r o n  s u l f i d e s  and some c o a l  componen t s .  Many q u e s t i y ? g ) r e m a i n  unanswered  
c o n c e r n i n g  t h e  c a t a l y t i c  r o l e s  o f  H2S and FelexS. suggested t h a t  t h e  
c a t a l y t i c  a c t i v i t y  o b s e r v e d  f o r  p y r i t e  i s  s o l e l y  d u e  t o  H2S 7 5 t i n g  a s  a 
hydrogen-transfer c a t a l y s t .  I n  a r e c e n t  s tudy  by Anderson and B o c k r a t h  on d i r e c t  
c o a l  l i q u e f a c t i o n  more conversion was ob ta ined  when t h e  r a t i o  of s u l f u r  added t o  an 
i r o n  s o l u t i o n  ( t h e  c a t a l y s t )  was e q u a l  t o  t h e  one  needed  t o ( Y g 5 a i n  p y r r h o t i t e  
(FelmxS).  r e p o r t i n g  t h e  
h y d r o g e n a t i o n  o f  d i p h e n y l m e t h a n e  i n  t h e  presence of p y r r h o t i t e  c l e a r l y  shows t h a t  
maximum a c t i v i t y  is  ob ta ined  when t h e  p a r t i a l  p r e s s u r e  of H S is enough t o  maintain 
an i r o n  d e f i c i e n t  su r f ace .  Too h igh  a p a r t i a l  p r e s s u r e  o f  HS i n  t h e  r e a c t o r  moves 
t h e  composition o f  t h e  s u r f a c e  towards FeS2 and t h e  conversion of diphyenylmethane i s  
r e d u c e d .  Too low a p a r t i a l  p r e s s u r e  of H2S l e a d s  t o  t h e  formation o f  t r o i l i t e  (FeS) 
and lower conversion. These r e s u l t s  i n d i c a t e  t h a t  optimum c o n d i t i o n s  a r e  ob ta ined  
when t h e  su r face  of t h e  s u l f i d e  i s  r i c h  i n  metal  vacppgjes ,  where d i s s o c i a t i o n  o f  H S 
can  t a k e  p l a c e  f o r m i n g  h i g h l y  r e a c t i v e  s p e c i e s .  I t  i s  o b v i o u s  t h a t  tt?e 
understanding o f  t h e  c a t a l y t i c  r o l e  of t h e  i r o n  s u l f i d e s  l i e s  i n  t h e  i n v e s t i g a t i o n  of 
the i r  s u r f a c e  p r o p e r t i e s .  We r e p o r t  i n  t h e  p r e s e n t  paper  such a s tudy ,  where s u r f a c e  
t e c h n i q u e s  were used  t o  o b s e r v e  t h e  r e a c t i o n  o f  g a s e s  found u n d e r  l i q u e f a c t i o n  
cond i t ions  with t h e  s u l f i d e s  s u r f a c e s .  A s p e c i a l  r e a c t o r  was developed t o  s t u d y  t h e  
s u r f a c e  c o m p o s i t i o n  o f  t h e  i r o n  s u l f i d e s  a f t e r  r e a c t i o n  w i t h  oxygen c o n t a i n i n g  
compounds u s i n g  c o n v e r s i o n  e l e c t r o n  i4bsbaue r  spectroscopy (CEMS). Extended X-ray 
Absorption Fine S t r u c t u r e  (EXAFS) and X-ray A b s o r p t i o n  Near Edge S t r u c t u r e  (XANES) 
were used f o r  determining t h e  environment of i r o n  s p e c i e s  i n  t h e  r e s i d u e s  p w j a i n e d  
froin t h e  s t u d y  of t h e  i n t e r a c t i o n  of i r o n  s u l f i d e s  (FeS2,Fe S ) with pyrene. 

A c o r r e l a t i o n  be tween  t h e  c o n v e r s i o n  o f  c o a l  t o  benzene  s o l u  tpj: and t h e  
Hi%5 

Lambert 

A very r e c e n t  work by Ogawa, S t e n b e r g ,  and Montano 
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11. Experimental  

Auger and e l e c t r o n  ene rgy  loss spectLf8copy measurements were performed using 
an UHV system w i t h  a b a s e  p r e s s u r e  o f  10 t o r r .  The s y s t e m  was a t t ached  t o  a 
r e a c t o r  cel l  where t h e  samples  were exposed t o  h i g h  t e m p e r a t u r e s  and g a s e s .  The 
r e a c t i o n s  of FeS2 ,  Fe7S8, and FeS w i t h  C O ,  t1 , 0 2 ,  N H  C H 4 ,  and higher  
hydrocarbons were s t u d i e d  be tween  room t e m p e r a t u r e  and  %O 9: I?igure 1 shows a 
schematic diagram o f  t h e  system used i n  t h e s e  measurements. 

CH 

The CEMS measurements were c a r r i e d  o u t  i n  a s p e c i a l l q 7 d e s i g n e d  r e a c t o r  t o  be 
d e s c r i b e d  e l s e w h e r e .  I n  t h i s  r e a c t o r  t h e  s a m p l e s  of Fe f o i l  were s t u d i e d  and 
t r e a t e d  with H / H  S t o  o b t a i n  t h e  i r o n  s u l f i d e s .  The d e t e c t o r  employed f o r  t h e  
d e t e c t i o n  of t2eafeectrons was a Hel lo% CHu f low coun te r  connected i n  l i n e  w i t h  t h e  
r e a c t o r .  The r e a c t i o n  o f  pure iron and i r o n  s u l f i d e  w i t h  naphtoquinone were s tud ied  
w i t h  t h i s  c e l l .  The EXAFS and XANES measurements of t h e  r e s i d u e s  of t h e  r e a c t i o n s  
o f  FeS  and Fe7S8 w i t h  model compounds  w e r e  made a t  t h e  C o r n e l 1  High Energy 
Synchrotron Source.  

Experimental  Resu l t s  

1. AuRW and E lec t ron  Enernv Loss Weasurements on Fe$2,Fs7S_B.FeS 

Natural  c r y s t a l s  o f  FeS2 ( p y r i t e )  and Fe7S8 (monocl inic  p y r r h o t i t e )  were used 
f o r  t h e  measu remen t s .  The (100 )  f a c e  o f  p y r i t e  and t h e  (0001) f ace  of p y r r h o t i t e  
were s t u d i e d  i n  t h e  r e a c t o r ,  u s i n g  a p o l y c r y s t a l l i n e  sample of FeS. A l l  t h e  samples 
show a c h a r a c t e r i s t i c  M2 V V  Auger d o u b l e t  w i t h  a s e p a r a t i o n  of 5.0 eV (F igure  2 ) .  
Two a d d i t i o n a l  peaks ( 3  d d  4 i n  Figure 2) a r e  a l s o  o b s e r v e d  f o r  FeS. Peak  1 may 
c o r r e s p o n d  t o  t r a n s i t i o n s  i n v o l v i n g  t h e  s-3p ( 2 0  ) valence band while  peak 2 may 
correspond t o  t r a n s i t i o n s  i n v o l v i n g  t h e  d-band. % t y p i c a l  s e t  o f  E lec t ron  Loss 
s p e c t r a  f o r  FeS Peak a i s  as s igned  t o  in t e rband  t r a n s i t i o n s  
from t h e  F e - 3 8  band t o  an empty s t a t e  above t h e  Fermi l e v e l .  may be 
assidned t o  t r a n s i t i o n s  f o r  one s-3p-like valence band (peak b t o  lng + 20 and t o  
20 , 1~ + 18 t r a n s i t i o n s . )  P e a k s  I! a n d  e a r e  a t t r i b u t e d  t o  c 8 l l e c t i v e  
o s i ? i l l a t ~ o n s  o r  t h e  conduct ion o r  valence e l e c t r o n s .  Peaks f. and & a r e  a s s i g n e d  t o  
s u r f a c e  and volume plasmons r e s p e c t i v e l y .  Peaks 1 and k a r e  t r a n s i t i o n s  involving 
t h e  Fe-3p e l e c t r o n s  C M 2 ,  l e v e l ) .  Peak  & is due t o  t r a n s i t i o n  from t h e  M level. 
The EEL s p e c t r a  f o r  Ftg)o%her s u l f i d e s  a r e  s i m i l a r  bu t  t h e  p o s i t i o n  and i n t L n s i t i e s  
o f  t h e  p e a k s  v a r y .  I n  ou r  measurements we observed EEL peaks with s t r o n g  i ron  
o r  s u l f u r  c h a r a c t e r .  Damaged i r o n  s u l f i d e  s u r f a c e s  show evidence of r econs t ruc t ion  
through m i g r a t i o n  o f  s u l f u r  a f t e r  h e a t i n g  t o  450 OC.  Fo r  undamaged s u l f i d e s ,  
h e a t i n g  r e s u l t s  i n s c h a n g e s  i n  t h e  chemical composi t ion o f  t h e  s u r f a c e ;  migrat ion of 
s u l f u r  a l s o  occur s .  There is c l e a r  e v i d e n c e  o f  t h e  p re sence  o f  e l emen ta l  s u l f u r  on 
t h e  p y r i t e  and p y r r h o t i t e  s u r f a c e  b u t  n o t  on  t r o i l i t e  ( F e S ) .  S i n c e  t h e  maximum 
t e m p e r a t u r e  a t t a i n e d  was 450 OC we do no t  expect  t h a t  r educ t ion  of t h e  FeS su r face  
w i l l  t ake  p l ace .  E s s e n t i a l l y  i f  t h e  p a r t i a l  p r e s s u r e  o f  H2S is low i n  t h e  r e a c t o r  
t h e  formation of FeS w i l l  occur  by removal of s u l f u r  from t h e  FeltxS s u r f a c e .  Once 
t h i s  S t a t e  i s  r e a c h e d  no f u r t h e r  loss of s u l f u r  occur s  and a f a i r l y  s t a b l e  su r face  
is obtained.  

is  shown.in F igu re  3. 
Peaks 2 and 

The i n t e r a c t i o n  of t h e  p y r r h o t i t e  w i t h  s i m p l e  g a s e s  i s  more complex, damaged 
s u r f a c e s  of FeS2 and Fe7S8 r e a c t  w i t h  CO a t  450 OC. We u n d e r s t a n d  t h a t  a s  t h e  
r e s u l t  of t h e  i n t e r a c t i o n  o f  CO w i t h  Fe on t h e  s u l f i d e  s u r f a c e .  T h i s  i n t e r a c t i o n  i s  
n o t  d e t e c t e d  w i t h  undamaged su;faces ( p u r e  s i n g l e  c r y s t a l s )  and  w i t h  FeS.  Tne 
formation of o x i d e s  on t h e  s u r f a c e  is e a s i l y  d e t e c t e d  f o r  FeS2: and Fe S a f t e r  
r e a c t i o n  w i t h  CO.  
r e a c t i o n  on  F e ,  2CO + C + C 0 2 ,  w i t h  t h e  f o r m a t i o n  of s u r f a c e  o x i d e  due  t o  t h e  

7 8  
I t  h a s  been  o b s e r v e d  t h a t  CO u n d e r g o e s  a d e s p r o p o r t i o n a t i o n  
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d i s s o c i a t i o n  of C0.( l6)  The s u r f a c e  o x i d e  is r a p i d l y  removed by H2. T h e  s u r f a c e s  
of t h e  s u l f i d e s  do no t  show any evidence i n  t h e  Auger and EEL s p e c t r a  of r e a c t i o n s  
w i t h  N H  , C H 4 ,  and C H However,  t h e y  i n t e r a c t  s t r o n g l y  wi th  molecular  oxygen 
forming s u r f a c e  o ~ i d Z . ~ ' F i g u r e  4 shows t h e  s u r f a c e  ox ide  formed on p y r i t e  a f t e r  
i n t e r a c t i o n  with oxygen, f o r  comparison p u r p o s e s  t h e  EEL s p e c t r u m  f o r  a-Fe20 is 
a l s o  shown. The p r e s e n t  measu remen t s  i n d i c a t e  a h i g h  r e a c t i v i t y  of  t h e  s u l h d e  
s u r f a c e s  t o w a r d s  oxyiJen c o n t a i n i n g  compound a n d  v e r y  l i t t l e  t o w a r d s  l i g h t  
hydrocarbons and ammonia. 

2. CEHS Measurements of t h e  Sur face  I n t e r a c t i o n  OfNaphthoquinonewith Iron 
and Iron S u l f i d e  Sur faces  

A h i g h  p u r i t y  57Fe f o i l  was u s e d  f o r  t h e s e  measu remen t s ,  s u c h  a f o i l  was 
necessary i n  o rde r  t o  record r a p i d l y  a Mdssbauer spectrum ( l e s s  t han  one-half  hour ) .  
The sample  was p l a c e d  i n  t h e  h o l d e r  i n s i d e  of t h e  r e a c t o r  and H2 was flown f o r  2 
hours  a t  350 OC t o  r e d u c e  t h e  s u r f a c e  and c l e a n  o f f  any r e s i d u a l  contaminat ion.  
F igu re  5a shows t h e  M8ssbauer spectrum a t  room temperature  i n s i d e  t h e  r e a c t o r  a f t e r  
c l e a n i n g .  We s t u d i e d  t h e  hydrogenat ion ofnaphthoquinoneby i n t r o d u c i n g  about  20 rng 
of t h e  compound aad f lowing  Bydrogen  a t  a b o u t  0 .5  c c / s e c .  The t empera tu re  o f  t h e  
r e a c t i o n  was 305 C and 405 C and t h e  t ime of r e a c t i o n  was o n e - h a l f  h o u r .  A f t e r  
r e a c t i o n  t h e  C E M  s p e c t r u m  was t a k e n  i n s i d e  t h e  r e a c t o r .  No e v i d e n c e  o f  t h e  
formation o f  any known o x i d e  was d e t e c t e d  ( F i g u r e  w .  The same experiment  was 
r epea ted  u s i n g  a s u l f i d e d  sample ( p r o d u c e d  f rom t h e  Fe f o i l  by f l o w i n g  H2/H2S 
(10%)  a t  400 O C ) .  The s p e c t r u m  f o r  s u c h  a sample  i s  shown i n  F igu re  6a be fo re  
r e a c t i o n .  A f t e r  r e a c t i o n  wi th  naphtoquinone we s e e  c l e a r  evidence o f  t h e  formation 
of Fe O4 on t h e  s u r f a c e  (F igu re  6b) .  Magnet i te  is formed a t  t h e  expense o f  t h e  i r o n  
s u l f i d e .  T h i s  o p s f v a t i o n  i s  in v e r y  good a g r e e m e n t  w i t h  o u r  e a r l i e r  situ 
Mossbauer  work, where a l e s s  s u r f a c e  s e n s i t i v e  t e c h n i q u e  was used  f o r  t h e  
measurements. We i n t e r p r e t  t h e s e  r e s u l t s  a s  evidence of a g r e a t e r  r e a c t i v i t y  o f  t h e  
i r o n  s u l f i d e s  s u r f a c e s  t o w a r d s  oxygen c o n t a i n i n g  o r g a n i c  molecu le s  than  t h e  pure 
metal .  I t  is noted t h a t  magnet i te  can be e a s i l y  removed by f u r t h e r  f l o w  o f  H 2 / H  S. 
The m a g n e t i t e  l a y e r  I s  fo rmed  in t h e  f i r s t  few s u r f a c e  l a y e r s  of t h e  i r o n  s u l d d e  
( s e e  F igu re  6 ) .  

3. EXAFS and XANES Measurements 

Measurements were performed on t h e  r e s i d u e s  of t h e  r e a c t i o n  o f  FeS2 and Fe S 
with pyrene. P y r i t e  and monocl inic  p y r r h o t i t e  were used as c h e m i c a l  s t a n d a r d s  70: 
t h e  measu remen t s .  I n  F igu re  7 t h e  XANES s p e c t r a  a r e  shown f o r  t h e  reghdues o f  t h e  
r e a c t i o n s  o f  pyrene wi th  Fe7S8 y d  FeS2. ) a t  440 OC 

i n  t h e  presence of H . One n o t i c e s  t h a t  t h e  n e a r  edge  s t r u c t u r e  is d i f f e r e n t  f o r  
both r e s i d u e s ,  we a t Z r i b u t e d  t h e  d i f f e r e n c e  t o  t h e  presence o f  F e S  i n  t h e  r e a c t i o n  
r e s i d u e s  of Fe S8 and pyrene. A compound t h a t  is  not  p re sen t  i n  t h e  r e s i d u e s  o f  t h e  
p y r i t e  r u n .  $he t o t a l  EXAFS spectrum were analyzed and t h e  F o u r i e r  t r ans fo rm f o r  
t h e  r e s i d u e s  of t h e  FeS r u n  is shown in F i g u r e  8 a .  (The  peak p o s i t i o n s  a r e  n o t  
co r rec t ed  f o r  phase s h i h s . )  For comparison purposes t h e  F o u r i e r  t r a n s f o r m  f o r  pure 
p y r i t e  and monoclinic p y r r h o t i t e  a r e  a l s o  shown. The f i r s t  p r o m i n e n t  peak  i n  a l l  
t h e  s p e c t r a  i s  due  t o  Fe-S d i s t a n c e s  (2.262 A f o r  pure FeS2). The second peak i n  
p y r i t e  (F igu re  8b) i s  due t o  t h e  o t h e r  i r o n  n e i g h b o r s .  For  Fe7S8 t h e  Spectrum is  
complicated s i n c e  t h e r e  a r e  many i r o n  d i s t a n c e s  p r e s e n t  ( F i g u r e  8 c ) .  F o r  t h e  
r e s i d u e s  of t h e  r e a c t i o n  of FeS2 wi th  pyrene p r a c t i c a l l y  no Fe-Fe can d e n t i f i e d .  
T h i s  means t h a t  t h e  i ron  atoms and vacancies  i n  t h e  Fel-xS S t r U C t U r e " 4 '  (a tomic 5 
i r o n  is 47.8) a r e  ex t r eme ly  d i s o r d e r e d  and r andomly  d i s t r i b u t e d  and t h a t  t h e  on ly  
well def ined coord ina t ion  o f  t h e  i r o n  i o n s  a r e  t h e  s u l f u r  atoms. T h i s  f y 4 y  s t r i k i n g  
r e s u l t  s i n c e  we should have expected a s  a r e s u l t  o f  t h e  MBssbauer s t u d y  a b e t t e r  
de f ined  p y r r h o t i t e  s t r u c t u r e .  

The r e a c t i o n s  were performed( 
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111. Conclusions 

We have observed t h a t  t h e  behavior  o f  i r o n  s u l f i d e  s u r f a c e s  depends s t r o n g l y  on 
t h e  s t o i c h i o m e t r y .  I r o n  d e f i c i e n t  s u r f a c e s  show a h i g h e r  r e a c t i v i t y  t h a n  t h e  
t r o i l i t e  s u r f a c e .  A t  h i g h  t empera tu res  (450 O C )  t h e r e  i s  e l emen ta l  s u l f u r  p re sen t  
on t h e  i r o n  s u l f i d e  s u r f a c e s .  The m e t a l  v a c a n c i e s  c a n  s e r v e  a s  c e n t e r s  f o r  t h e  
d i s s o c i a t i o n  of H2S t h u s  f a c i l i t a t i n g  t h e  t r a n s f e r  of hydrogen t o  o rgan ic  e n t i t i e s .  
The p y r r h o t i t e  s u r f a c e  shows a g r e a t  r e a c t i v i t y  towards oxygen c o n t a i n i n g  compounds. 
The s u r f a c e  o x i d e  fo rmed  on t h e  p y r r h o t i t e  s u r f a c e  a r e  e a s i l y  reduced when H and 
H2S a r e  p r e s e n t  i n  t h e  r e a c t o r .  The i n t e r a c t i o n  between t h e  p y r r h o t i t e s  s u r f a c e s  
and l i g h t  hydrocarbons is minimal. 

Acknowledgement: The a u t h o r s  wish t o  thank t h e  U.S. DOE f o r  t h e i r  suppor t ,  
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Figure 1. Schematic diagram of the UHV system used for the 
surf ace measurements 
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Figure 2 .  Low energy Auger spectra for the iron sul f ides  
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NEW IRON OXIDE CATALYST REDUCTION ACTIVITIES 
WITH HYDROGEN SULFIDE AND HYDROGEN 

H. Ha t to r i ,  F.A. Jones, T. Ogawa, C.L. Knudson, 
L.J. Radonovich and V.I. Stenberg 

Un ive rs i t y  o f  North Dakota Energy Research Center 
and the Department o f  Chemistry 

Un ive rs i t y  o f  North Dakota, Grand Forks, ND 58202 

INTRODUCTION 
Various types o f  cata lysts  have been used f o r  coal l i que fac t i on .  Among 

these catalysts, molybdenum and i r o n  ca ta l ys ts  are most f requent ly  used and 
they are usual ly  combined w i t h  other metal oxides. Molybdenum cata lysts ,  i n  
the form of Co/Mo/A1203 wherein t h i s  no ta t i on  represents some form o f  the metal 
oxides and the l a s t  species i s  the support, have been used i n  the H-Coal 

process. I n  others, i r o n  cata lysts  have been used i n  the  form o f  red mud which 
I s  mixed w i t h  elemental su l fu r .  The a c t i v i t y  o f  i r o n  ca ta l ys ts  has general ly 
been regarded as low when compared w i t h  t h a t  o f  molydenum cata lysts .  However, 
i r o n  oxide cata lysts  became h igh l y  ac t i ve  f o r  the conversion o f  coal - re la ted 
model compounds when used i n  the presence o f  H2S and H2. For coal l i q u e f a c t i o n  
i n  the absence o f  a heterogeneous cata lysts ,  the use o f  a mix ture o f  H2S and H2 
instead o f  H2 resul ted i n  an increase i n  conversion.' Because o f  the 
i n te rac t i on  o f  H2S w i t h  Fe2032 and the f a c t  t h a t  i r o n  i s  present ly  the lowest 
cost t r a n s i t i o n  metal, i r o n  was selected as the bas is  metal f o r  a new se t  o f  
heterogeneous cata lysts  s p e c i f i c a l l y  designed f o r  coal l i q u e f a c t i o n  using the 
H2S-H2 reducing gas medium. 

EX PER IMENTAL 

supported i r o n  ca ta l ys ts  prepared are l i s t e d  i n  Table 1. 
supports were based on the fo l lowing objectives. 

I 

A series o f  26 i r o n  oxide ca ta l ys ts  were designed and synthesized. The 
The se lect ion o f  the 

To c l a r i f y  the ef fect  of Si02 surface area, Si02 supports f o r  ca ta l ys ts  1, 
2, and 3 were prepared a t  d i f f e ren t  pH's from a Na-free Si02 source. 

To examine the e f f e c t  caused by use o f  a d i f f e r e n t  s t a r t i n g  mater ia l  t o  
prepare Si02, ca ta l ys ts  4, 5, and 6 were prepared from sodium metas i l i ca te  
a t  d i f f e r e n t  pH's and can be compared t o  ca ta l ys ts  1-3. 

I 
1 
k 

1. 

2. 
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3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

To examine the e f fec t  of the precipitating reagent, catalysts  7 and 8 were 
prepared from Si(OC2H5)4 w i t h  H2S04 or  NaOH, respectively. Ca ta lys t s  7 
and 8 resul ts  a re  t o  be compared w i t h  those of catalysts  1 and  3. 
To examine the e f f ec t  of basic supports, metal oxides with basic 
properties were used f o r  the supports of catalysts  9 ,  10, 11, 1 2 ,  13 and 
14. 
To examine the e f fec t  of t.he su l fa te  ion on the Ti02 support, i t  was 
prepared in the presence of sulfate  ions and the resulting catalyst  15 i s  
t o  be compared w i t h  catalyst  14. 
To examine the e f fec t  of additives t o  Fe/Si02, small amounts of Mo, W ,  Co, 
and Ni oxides were added (ca ta lys t s  16, 17,  18, and 19) t o  the Fe203 on 
the surface of the catalyst. 
To examine the e f fec t  of the su l fa te  and n i t r a t e  anions on the deposition 
of the iron layer ,  catalysts  20 and 21 were prepared. 
To examine the e f fec t  of acidic s i t e s  on the Fe/Si02 ca ta lys t ,  sodium- and 
potassium-poisoned catalysts  were prepared (catalysts  22 and 23). 
To examine the e f fec ts  of the comnercial Ti02 and S i O z  supports, catalysts 
20 and 24 were prepared to  be compared to  catalysts  1 and 14, 
respecti vel y. 
To examine the e f fec t  of activated carbon which posiesses an extremely 
high surface area as the Fe203 supports, catalyst  26 was prepared t o  be 
compared to  ca ta lys t  20 (Si02) and 24 (Ti02). 
To examine the e f f ec t  of a simple admixture of Fe20J and Si02, catalyst  28 
was prepared t o  be compared with catalyst  20. 
To enable comparison t o  a known comnerical hydrogenation catalyst ,  
Co/Mo/A1203 (ca ta lys t  29) was included as a p a r t  of the ser ies .  

The catalysts  were subjected t o  two reactions: hydrocracking of 
diphenylmethane t o  toluene and benzene, a model compound fo r  the Ar-C bond 
cleavage of the  coal s t ructure ,  and hydrocracking of diphenyl ether t o  phenol 
and benzene, a model compound for  the Ar-0 bond cleavage of the coal structure. 
The reaction conditions fo r  these reactions are sumnarized i n  Table 2. 

RESULTS AND DISCUSSION 

experimental findings. 
The design of the iron oxide catalysts  was based on the following 

For the hydrocracking of diphenylmethane, the e f fec t  of H2S addition was 1. 
augmented with i ron oxide catalysts .  3 
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I 
I 2. The promotional e f f e c t  o f  the H2S addi t ion on the c a t a l y t i c  a c t i v i t y  

I 
varied w i th  the preparative method f o r  i r o n  c a t a l y ~ t . ~  Among Fe ca ta l ys ts  1 

supported on Si02, Zr02, and TiO2, the Fe/Si02 showed the highest a c t i v i t y  
f o r  the hydrocracking o f  diphenylmethane. 

3. The Fe/Ti02 ca ta l ys t  was ac t i ve  no t  on ly  f o r  hydrocracking of 
diphenylmethane b u t  also f o r  hydrocracking o f  diphenyl ether. 

Besides these f ind ings,  i t  has been general ly observed t h a t  the c a t a l y t i c  

The t i m e  dependence o f  the diphenylmethane conversion i s  depicted i n  

3 

behavior o f  ac t i ve  components vary w i th  the types of supports. 

100 
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i60:  .- 
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o 4 0  
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Figure 1. The value of 20 minutes react ion time was selected f o r  
bomb t e s t s  i n  order t o  d i f f e r e n t i a t e  ca ta l ys t  e f fec ts .  

- No 
/* 
/: 

/ I I 1 1 1 1 

the tub ing 

289 



I 

I l l  1 1 1 1 1 1 1 1 1 1 1 1  

Fcommercia I Support 4 * 

B -  I oo 

00 

c 
u (L 

.$ 60 r 
e E 

4 0  

20  

0 
2 4 6 8 IO 12 14 16 I8 20 22 24 26 28 30 

Catalyst No. 

Fig. 2. Conversion o f  diphenylmethane (-1 and diphenylether 
(---) with var ious catalysts. 

The r e s u l t s  o f  t h e  c a t a l y t i c  reactions are given i n  Figure 2. For 
hydrocracking o f  diphenylmethane, the a c t i v i t i e s  vary w i t h  d i f f e r e n t  Supports. 
This ind icates t h a t  an i n t e r a c t i o n  o f  Fe203 w i t h  the support occurred. The 

a c t i v i t y  increased wi th an increase i n  surface area o f  support ( ca ta l ys ts  I ,  2, 
and 3). Enhanced c a t a l y t i c  a c t i v i t y  was observed by add i t i on  o f  MO (no. 16), w 
(no. 17), Co (no. 18), and N i  (no. 19) oxides t o  the surface Fe203 as compared 
t o  Fe/SiOp .(no. 20). The in t roduc t i on  o f  sodium o r  potassium t o  Fe/Si02 
el iminated the  c a t a l y t i c  a c t i v i t y  (nos. 22 and 23 vs. no. 20). S imi lar  
phenomena were observed f o r  cata lysts  5, 6, and 8, which possibly contain 
sodium on the support. The s u l f a t e  i o n  had a negative in f luence on c a t a l y t i c  
a c t i v i t y ,  cf. c a t a l y s t  5 with 2. 
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For the hydrocracking of diphenyl ether,  the catalyst  containing Mo and Fe 
(catalyst  16) was twice a s  act ive as  the iron oxide catalyst .  However, 
hydrogenated products such as methyl cyclopentane and cyclohexane were produced 
in  larger  quant i t ies  w i t h  catalyst  16 than w i t h  20. The Fe/Si02 ca ta lys t  
ac t iv i ty  increased w i t h  increased surface area of the  support (catalysts  1-31, 
and was poisoned by sodium and potassium ions, c f .  catalysts  22 and 23 w i t h  20. 
The presence of the su l fa te  ion again retarded the Fe/Si02 ac t iv i ty ,  cf. nos. 
15 t o  14 and 20 t o  21, as  i t  did w i t h  diphenylmethane. 

In general the catalysts  required the presence of hydrogen sulfide4 and 
the commercially supplied sample of s i l i c a  with i t s  high surface area worked 
very well. The pH of the s i l i c a  preparation method proved t o  be crucial  t o  
generating high surface area s i l i c a .  The ca ta lys t s  i n  which the iron oxides 
were deposited on s i l i c a  exceeded o r  equaled the ac t iv i ty  o f  a simple admixture 
of iron oxide and s i l i c a  (ca ta lys t  28). The iron oxide ca ta lys t s  were the 
be t te r  than the commercial hydrogenation-hydrocracking catalyst  Co/Mo/A1203 for  
the hydrocracking of diphenylmethane (e.g., ca ta lys t  20 vs. 29) b u t  the l a t t e r  
exhibited both hydrocracking and hydrogenation ab i l i ty .  However, the 
Co/Mo/A1203 was more act ive in the conversion of diphenyl ether.  
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Table 2. Reaction condi t ions 

Ratio o f  Pressure (ps i  Reaction 

Reaction ("IC) by w t .  H2S H2 (1 min) 
Temperature reactant /cata lyst  co ld  charge) t ime 

Hydrocracking o f  425 10/1 100 700 20 
diphenyl methane 

Hydrocracking o f  425 10/1 100 1400 60 
diphenyl e ther  
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The I n f l u e n c e  o f  Minera l  Ma t te r  on 
The Rate o f  Coal Char Combustion 

John H. Pohl 
Energy and Environmental Research Corporat ion 

18 Mason 
I r v i n e ,  C a l i f o r n i a  92714 

I n t r o d u c t i o n  

b o i l e r s .  
F igu re  1 shows t h a t  es t ima ted  i n t r i n s i c  r a t e  o f  char  combustion can va ry  by a 
f a c t o r  o f  104 (1). The l a r g e s t  u n c e r t a i n t i e s  a r e  (2 ) :  

Factor  o f  

The r a t e  o f  coa l  combustion can, i n  some instances,  i n f l u e n c e  t h e  design o f  
The i n t r i n s i c  r a t e  o f  char  combustion i s ,  however, p o o r l y  known. 

Proper ty  Uncer ta in i  t y  
Sur face Area 100 
E f fec t i veness  Factor  50 
C a t a l y s i s  100 
Crys ta l  S t r u c t u r e  30 

Other u n c e r t a i n i t i e s  account f o r  l e s s  than a f a c t o r  o f  f o u r  i n  t h e  e s t i -  
mated i n t r i n s i c  r a t e  o f  coal  char  combustion. 

Changes i n  the  apparent r a t e  o f  char  combustion by a f a c t o r  o f  10 can i n f l u -  
An example o f  these changes f o r  a 660 ence the  p r e d i c t e d  performance o f  b o i l e r s .  

MWe b o i l e r  i s  shown i n  Table 1. These f i g u r e s  were c a l c u l a t e d  us ing  a w e l l  t e s t e d  
model o f  b o i l e r  performance (3) .  I nc reas ing  t h e  accepted apparent r a t e  constant  
by a f a c t o r  o f  10 p r e d i c t s  s l i g h t l y  improved performance, b u t  decreas ing t h e  ac- 
cepted r a t e  constant  by a f a c t o r  10 p r e d i c t s  severe ly  degraded and unacceptable 
b o i l e r  performance. 

Th is  paper assesses one of t he  major  u n c e r t a i n i t y  i n  es t ima t inq  i n t r i n s i c  
r a t e  constants , the i n f l u e n c e  o f  c a t a l y s i s  o f  t he  combustion r a t e  o f  coa l  char .  

M ine ra l  Ma t te r  
Minera l  ma t te r  con ta ined  i n  t h e  coal  could i n f l u e n c e  the  r a t e  o f  char  com- 

b u s t i o n  by b lock ing  p a r t  o f  t he  coa l  su r face  o r  by c a t a l y t i c a l l y  i nc reas ing  t h e  
r a t e  o f  combustion. F igu re  2 shows t h a t  t h e  measured r a t e  o f  combustion o f  p u r i -  
f i e d  nonpornus araphics i s  u n c e r t a i n  by l e s s  than a f a c t o r  o f  3. Th i s  i s  a smal l  
d i f f e r e n c e  compared t o  the  spread i n  the  o v e r a l l  r a t e  data and suggests t h a t  some o f  
t h e  s c a t t e r  i n  t h e  measured r a t e s  o f  coal  combustion a r e  caused by t h e  m ine ra l  
m a t t e r  i n  t h e  coal .  

B lock ing of the su r face  area o f  coa l  by ash i s  u n l i k e l y  t o  s i g n i f i c a n t l y  
change t h e  r a t e  o f  char  r e a c t i o n .  
d i c a t e  t h a t ,  except a t  h igh  l e v e l s  o f  burnout, much l e s s  t h a t  1 percent  o f  t h e  
su r face  area o f  char  w i l l  be blocked w i t h  ash p a r t i c l e s .  

Experiments have shown t h a t  small  amounts o f  c e r t a i n  meta ls  can acce le ra te  
t h e  r a t e  o f  char combustion (4,5,6,7,8,9). A number o f  anions and c a t i o n s  have 
been shown t o  acce le ra te  t h e  combustion o f  carbons a t  concen t ra t i ons  o f  10 t o  1000 
ppm. Table 2 shows t h e  r e l a t i v e  i n f l u e n c e  on t h e  combustion r a t e  o f  va r ious  
s a l t s  added as s o l u t i o n s  t o  p u r i f i e d  g raph i te .  R e l a t i v e l y  small  amounts o f  meta ls  
can acce le ra te  the  r a t e  o f  combustion by many orders o f  magnitude. 
appear i n  coal i n  s i g n i f i c a n t  concen t ra t i ons  which w i l l  acce le ra te  t h e  combustion 
of coal  are 1 )  sodium and 2)  calcium. 
t r a t i o n s  o f  100-6000 ppm and ca lc ium a t  concentrat ions o f  50-12,000 ppm. The in-  

Ca lcu la t i ons  f o r  a coa l  w i t h  25 percent  ash i n -  

Meta ls  which 

Sodium can be present  i n  coal  i n  concen- 
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fluence of re la t ive ly  minor levels O f  sodium on the combustion ra te  of graphite 
i s  shown in Figure 3. Addition of sodium to  a concentration of 15 ppm accelerates 
the reaction by one t o  two orders of magnitude; higher levels of sodium accelerate 
the reaction a t  a lower ra te .  Calculations show tha t  the sodium must be d is t r ibu-  
ted on nearly the molecular level t o  be e f fec t ive .  In addition, the influence o f  
ca ta lys i s  will be less pronounced a t  the higher temperatures of combustion where 
noncatalytic combustion proceeds much fas te r .  No data ex is t s  a t  these higher 
temperatures. The ava i lab le  data indicates t ha t  combustion of carbon i s  acceler- 
ated by u p  t o  two orders of magnitude by levels of sodium normally present in 
coals a t  temperatures only s l igh t ly  lower than combustion temperatures. 

Summary 

much as a fac tor  of 100. 
l ike ly  t o  increase the char combustion substantially a t  low temperatures. 
information is not available and work should be undertaken t o  assess the accelera- 
t ion  o f  char combustion by minerals a t  the temperatures of combustion. 

Minerals present in coal can accelerate the ra te  of char combustion by as 
Molecularly attached Sodium and Calcium Compounds a re  

However, 
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M e t a l  

Be 
B 
A1 
Ca 
mg 
Sr 
N i  
Cd 
Ba 
Na 
Au 
v 
cu 
Ag 
c s  
Mn 
Pb 

TABLE 2 INFLUENCE OF METALS ON THE RATE OF 
GRAPHITE COMBUSTION (9 )  

PPm 

120 
80 
70 

120 
120 
120 
150 
120 
120 
120 
120 
120 
120 
120 
120 
80 

130 

Re1 a t i  v e  
Reac t i  v i  t y  

1 
1 
3 
4 
6 

32 
. 90 

100 
230 
240 
340 
500 

1,340 
64,000 
86,000 

470,000 

a 
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Figure 1. Intrinsic Rate of Reaction o f  Chars 
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BEHAVIOR OF MINERAL MATTER DURING COAL BENEFICIATION 

Harold L. Lovell 

The Pennsylvania State University 
Department of Mineral Engineering 
University Park, Wnnsylvania 16802 

Each. coal beneficiation unit operation responds to the physical and 
chemical properties of its feed. The response is as a "collage" of the individual 
particles but specifically as the frequency distribution of the component particle 
properties. These particle responses are not totally independent with particle 
property-process parameter interactions, but are also significantly controlled by 
the overall distribution of particle properties. Diligence is appropriately 
applied to establish the "collage" distribution by certain particle properties of 
the plant feed. This distribution provides the design bases for each unit operation 
in the flow sheet - including its capacity, flow rate, and unit loading: thus 
ultimately defining the separational performance, efficiency, and unit costs. Each 
unit operation should be sized and operated such that its optimum performance is 
well within the sensitivity range of its feed property distribution. The concern 
that the feed distributions may, at times, exceed the sensitivity range for some 
Unit operation within in the system, is normally related to in situ coal 
variability, which can be extreme. The concern may extend to coal feeds from differ 
-rent seams and/or paleo-geological origin, mining system, or handling-storage 
system. Unfortunately, seldom are the concerns extensive and rarely are the feed 
characterizations detailed to each down stream operation. 

The plant feed characterization usually is limited to particle size 
distribution and, if detailed, will include a particle gravity distribution for 
several size groupings greater than 28 or 1 6  mesh (washability). There is no 
generally accepted range for either the size or density groupings. The 
characterization of the individual particle fractions are usually limited to 
moisture, high temperature ash, and total sulfur content. In some unusal instances 
the low temperature ash and sulfide sulfur content may be Pragmatism, 
procedures, and economics prevent the direct determination of minerals whose 
concentrations will be modified in the process. 'Ibese levels are expressed in 
terms of ash content. If there is any characterization of the individual 
macerals or minerals, they are evaluated on the basis of the "total-composite" feed 
sample. Should flotation processes be anticipated, some "laboratory floatability" 
studies (11,  may be carried out on some minus 16 or 28 mesh or other sized 
fraction. The origin of the particular fraction thus tested, seldom relates to that 
which will exist within the plant flow sheet. Feed hardness or friability tests (as 
Hardgrove Grindability Index, Drop-Shatter, etc.) may also be determined on the 
composite feed sample. If any comminution evaluations are made for the particular 
feed coal in the course of selecting a particular comminution device, they are 
usually made on a sample purported to be representative of the plant feed. Attempts 
to evaluate variations of particle strength or stability, maceral, mineral, or 
elemental composition, have been limited to research characterizations, as those 
reported by the author ( 2 ) .  We are almost totally devoid of pragmatic techniques to 
establish the particle sizes or volumes of individual components within a given 
individual coal particle (Richardson and Lovell ( 3 ) .  

determined. 

These observations can but lead to the conclusion that, in contrast, to 
typical unit operations in chemical engineering, the coal processing engineer 
assumes a feed to each unit operation within the plant system based upon the 
defined plant feed. Further, it is assumed that the collage of particles entering 
the plant as feed DOES NOT CHANGE in passing through the processing system and that 
the same number of particles 2 by 1-inch having densities between 1 . 4 0  and 1.45  
gm/cc (or any other fraction) leaves the plant as enters! hk know that this is not 
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correct even if we ignore the comminution operations within the plant designed to 
make such changes! 

?he composition of any individual coal beneficiation feed particle ranges from 
a nearly uniform metamorphized, phyto component through an almost infinite mixture 
series with macerals-minerals to an opposite end member as a nearly uniform mineral 
component. The behavior of a beneficiation feed during processing is determined by 
this almost limitless (and changing) distribution of individual particle 
compositions whose responses to process parameters are established by the particle 
properties as size, shape, density, hardness, porosity, and gas-liquid-solid 
interfaces. The particle responses establishes its direction and rate of movement 
toward one of the process product ports. 

With coals as sedimentary rocks of paleophyto origin, their inorganic 
contents incorporate those components which were part of the original phyto system 
and associated substances, as well as those that have been introduced through all 
the subsequent geologic events. Accordingly, the mineral components found in 
coals reflect the nature of the originating plant systems, their environment, 
degree of water existing (whether of fresh or marine water character), oxidation- 
reduction conditions, temperatures, and pressures as well as those conditions to 
which the coal-forming strata have been subject during all the ensuing geologic 
epochs, including past and current circulating ground waters. Thus the observed 
complexity of the resulting physical characteristics is to be expected. 

The minerals found in United States coals continue to be studied with the 
availability of improved instrumental procedures as X-ray diffraction, infrared 
absorption, and scanning electron microscopy beyond the traditional optical and 
chemical mineralogical techniques as applied to thin sections, polished pellets, 
and isolated particles. The minerals may be grouped into the silicates (kaolinite, 
illite, monmorillonite, and chlorite); the oxides (quartz, chalcedony, hematite); 
the sulfides (pyrite, marcasite, and sphalerite); the sulfates (jarosite, gypsum, 
barite, and numerous iron sulfate minerals); the carbonates ( ankerite, calcite, 
dolomite, and siderite) ; and numerous accessoryminerals as apatite, phosphorite, 
zircon, rutile, chlorides, nitrates, and trace minerals). 

-- 

The greatest interest in mineral occurrences in coal particles for processing 
engineers relates to their potential liberation as an essential first step for 
their physical removal. Further the concern relates to the mineral behavoir in 
each of the unit operations within the preparation plant and environmental 
implications within the preparation operations, for utilization of the clean coal 
product and the disposal of the refuse materials. The greatest attention has been 
given to the former interests, especially as applied to the liberation of pyrite in 
efforts to achieve the greatest possible sulfur reduction during processing. 

Specific Responses of Coal Mineral Components Luring Processing 
"collage I' of particles entering a coal processing plant are subject to a 

series of unit operations designed to achieve the desired level of quality 
improvement. development of the initial set of particles is determined by the 
mining and preprocessing storage and handling systems. Undoubtedly these operations 
introduces stresses within the coal particles that lead to subsequent fracture 
failures. Any potential control of the nature of this particle set is usually 
extremely limited - being determined by production and economic factors. Situations 
which lead to oxdiation, decripitation, and absorption of excessive levels of 
moisture may be modified. The introduction of moisture prior to processing probably 
enhances clay swelling, tends to increase the amount of mineral fines (usually 
clays) into the plant stream, and may enhance localized heating, swelling, and 
oxidation. Initiation of dispersion of clays may begin here. Uncontrolled 
comminution during the handling and storage due to dropping from stackers, compaction 
by graders, etc. tend to create fines and probably selectively favors reduction 

302 

The 

The 

of 



F 

the softer particles, especially certain clays. other handling steps as particle 
movement through pumps, jigs, etc. tend to accent the production of fines. The 
oxidation of coal and temperature increases may favor the production of water 
soluble salts leading to acid plant waters and potential corrosion. 

h-imary crushing which usually involves breakers or single roll crushers may 
be preceeded by a scalping operation to remove large particles of hard shales and 

. sandstones. Such operations though not rejecting large amounts of refuse, do 
Prevent wear, save energy, and prevent the introduction of additional refuse 
fines illto the plant feed. 'Ihe primary comminution devices usually are designed to 
Control top size rather than achieve particle liberation, as such, they offer an 
opportunity to minimize fines production and show some selectivity toward the 
large, harder particles as shales and sandstones. Pre operational testing of 
comminution devices should consider the production of minimal amount of mineral 
fines. In coal processing systems where classifying rotating mills may be used, the 
selective build up of harder components within the mill can affect system 
performance. 

In coarse coal sorting operations, as jigs and heavy media vessels, the softer 
minerals will tend to comminute due to attritional actions of particle movements 
and result in further dispersion into the plant circulating water system. In jigs, 
the production of mineral fines may be desirable to enhance hindered settling 
effects. In the Haldex heavy media system ( 4 )  and water only cyclones, the 
Presence of mineral fines are essential to serve as an autogeneous heavy media 
system. Cperational care must be taken to prevent the build up of unacceptable 
levels of fines leading to unacceptable fluid viscosity levels. Although quartz, 
clays, and other very fine mineral particles enhance these conditions, several type 
Of clays, notably kaolinite and montmorillonite (especially sodium), are especially 
responsive. Suspended clay levels above five percent in such systems are most 
undesirable and may limit control of density in magnetite heavy media systems. The 
viscosity shape 
which enhances settling rates. lhese concerns can also become critical in coal- 
water transport systems. 

effect increases with decreasing particle size and with spherical 

In fine coal sorting systems, heavy media cyclones, water only cyclones, 
tables and spirals the density and viscosity responses of suspensions are even more 
critical. In froth fltoation the presence of clay fines is undesirable and usually 
require a desliming step ahead of flotation if their concentration becomes 
excessive. 

It is in the water circuit that the build up of fines, especially clays must 
be controlled. Ihe responses become evident in dewatering devices as centrifuges 
and filters. In the latter case, clays may enhance blinding resulting in 
unacceptable water contents of the filter cake, thin watery cakes, and unacceptable 
performance. Difficulties in the filtration of refuse fines has lead recently to 
the introduction of expensive processes as pressure and belt filters to meet 
environmental standards. In thickeners, excessive clay fines may reduce settling 
rates, minimize the formation of desirable underflow slurry densities, and lead to 
plant failure. as processes at 
the end of the flow sheet that these responses become acute. Although the use of 
one or more polymeric flocculants can usually control these situations, unexpected 
changes in plant feeds may rewire feed rate reductions or plant shut down. 

It is in the dewatering stages and water circuit, 

&cent environmental regulations which essentially require closed water 
circuits make the problems of mineral fines buildup especially severe. Similar 
difficulties are associated with the disposal of refuse fines. 

mese examples describe some of the more prominent responses of mineral 
components in coal processing operations. 
with better detection and analytical systems to identify the problems. 

3u3 

Control of these problems can be achieved 
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MINERALOGICAL CHARACTERISTICS OF COAL IN VARIOUS CLEANING CIRCUITS 

Richard B. Muter and William F. Lawrence 

Coal Research Bureau 
College of Mineral and Energy Resources 

West Virginia University, P. 0. Box 6070 
hrgantown, West Virginia 26506-6070 

The optimum utilization of our national coal resources while s t i l l  affording . 
the Protection of our environment can not be achieved w i t h o u t  beneficiation. How- 
ever, our mst c o m n  ways of measuring the success or failure of beneficiation 
processes are not truly representative and m a y  well be responsible for  unnecessary 
economic and energy resource losses. This I s  the result of several factors, the 
most important of which are: 

1. The analyses which we perform do no t  really measure the 
materials which a re  being beneficiated. Rather, they are 
indirect measurements. 

One of the most c o m n  quality cr i ter ia  i s  t h a t  of ash. However, we do not 

Also, we do not remve sulfur as such, we remove sulfur containing 

Mineral properties. not elemental properties, are what  effect 
combustion and beneficiation processes up until the time when 
the minerals are broken down; yet i t  i s  the elemental composition 
which we seem t o  he most concerned about. 

remove ash from coal during beneficiation processes; we really change distribution 
of the minerals or rock consist of the coal material, and therehy change the "ash" 
as measured. 
minerals such as pyrite, marcasite, etc. 

2. 

Seemingly obvious, this point i s  often overlooked i n  a l l  stages o f  benefici- 
ation and utilization until major problems occur. Two coals may have the same St02 
content when analyzed, but  the physical properties of quartz (sand) are quite dif- 
ferent from those of clays ( i l l i t e ,  kaolinite, etc.). Different minerals, even of 
similar compositions, require different cleaning procesi'and have different effects 
upon process equipment. 

3. Comnon analytical methods, because they destroy the mineralo- 
gical structures, give the impression that coals are to  a 
large extent homogeneous and consistent in mineral content. 
This impression i s  markedly false and often leads to major 
false assumptions. 

The two most obvious, i.e. most studied, examples of this error are the forms 
of sulfur and the siliceous contents of coal. Conventional analyses will give the 
same s i l ica  content for a carbonaceous shale as for a calcareous one, but  they will 
react quite differently during beneficiation and combustion. 
most c o m n  analysis for this element of environmental concern, b u t  occasionally 
a "sulfur breadown" analysis will be performed. 
is  "pyritic", "organic" or "sulfate" i s  helpful; i t  i s  no t  enough, Knowing that 
the sulfur i s  predominately "pyritic" i s  insufficient, we must know other factors 
such as size, distribution within the coal matrix, and whether the particles are 
attached to the coal material as well as the degree of liberation. All these 
factors affect the beneficiation processes. 

Physical beneficiation i s  generally considered t o  be a "mature" subject in 
t h a t  most changes which have occurred over the past few years have been in ternis of 
equipment design or the order in which particular operations are performed. These 

Total sulfur i s  the 

Although knowing whether t h e  sulfur 
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operations are general ly based on physical character ist ics such as speci f ic  g rav i ty  
o r  hardness and b r i t t l eness  di f ference between the minerals o f  i n te res t  and the 
coaly materials. However, these processes are s t i l l  measured on element reduction 
bases rather than one o f  spec i f i c  mineral concentration o r  reduction. 

Froth f lo ta t ion ,  considered a higher lever o f  sophistication i n  beneficiation, 
i s  also based on di f ferences i n  mineralogical properties. Rased upon pa r t i c l e  
surface character ist ics it tends t o  be more chemical than physical i n  nature. Ten- 
dencies o f  pa r t i c l es  t o  be hydrophi l ic  o r  hydrophobic i n  nature are enhanced through 
the use of chemical addi t ives and then a physical separation i s  made. 

The next leve l  o f  sophist icat ion i n  coal benef ic iat ion w i l l  most l i k e l y  be 
tha t  o f  chemical coal cleaning. I t w i l l  also be the most cos t ly  level, especially 
when the large tonnage amounts involved i n  coal u t i l i z a t i o n  are considered. 
t o  keep these costs t o  a minimum, whi le s t i l l  a t ta in ing  desfred results, process 
operations w i l l  have t o  be careful ly planned and closely monitored. Process designers 
w i l l  have t o  know exac t ly  what minerals w i l l  be involved and i n  what amounts. Ac- 
qu i r ing  a be t te r  knowledge o f  what minerals occur i n  spec i f i c  coals and how they are 
affected by less expensive physical beneficiation i s  an obvious f i r s t  step. 

As pa r t  o f  a much la rge r  e f f o r t  by the U. S. Department o f  Energy, the Coal 
Research Bureau o f  the College o f  Mineral and Energy Resources a t  West Virginia 
University has been character iz ing the mineralogy and petrography o f  three major 
bituminous coals i n  an e f f o r t  t o  determine whether the mineralogical associations can 
be closely followed through c m o n  physical benef ic iat ion processes. 
minerals comnonly present i n  these coals i s  provided i n  Table 1. Also included are 
the chemical formulas w i t h  the elements o f  most i n te res t  t o  the benef ic iat ion p lan t  
operator underlined. This l i s t i n g  i s  based upon bituminous coals as most sub-bitu- 
minous coals and l i g n i t e s  meet current emission speci f icat ions and are not cleaned 
to  a large extent. 

including x-ray powder d i f f r a c t i o n  analysis, in f ra red  spectmscopy, normative cal- 
culations, and op t ica l  petrography. A l l  met w i th  l i n i t e d  soccess although each had 
l im i ta t ions  as t o  the number o f  minerals which could be i den t i f i ed  o r  accurately 
quantified. X-ray powder d i f f r a c t i o n  proved t o  be the most  versa t i le  as to accuracy, 
ease of impleinentation and number o f  d i f f e ren t  minerals i den t i f i ed  versus misidenti- 
f icat ions,  Mineralogical s ink- f loa t  (washabil ity) curves were prepared (Figure 1)  
and compared w i t h  actual  equipment operations (Table 2). I t  can be seen, tha t  t he i r  
predicted value varled f o r  spec i f i c  minerals and spec i f i c  processes. However, the 
tndication i s  tha t  f u r the r  e f f o r t  i n  t h i s  area i s  j u s t i f i e d  and tha t  a strong 
potent ia l  ex is ts  fo r  t rac ing  o f  spec i f i c  mineral assemblages thmugh the beneficf- 
a t ion  processes and tha t  these processes may be more e f f i c i e n t l y  designed and monf- 
tored. 
plants wi th only a minimum amount o f  coal being subjected t o  more intensive cleaning 
processes. 
whi le providing maximum environmental protect ion a t  a minimum cost. 

I n  order 

A l i s t i n g  o f  the 

Mineralogical analyses were per foned using a number of d i f f e ren t  techniques 

Such monitoring i n  the fu tu re  could lead t o  multi-stream, multi-product 

With careful  planning, such a p lan t  could provide a maximum fuel y i e l d  

I 

I 
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TABLE 1 
MINERALS OF THE DISTRICT #3 PITTSBURGH COAL. 

SYMBOLS INDICATE ANALYTICAL PROCEDURES AVAILABLE FOR EACH 
MINERAL AND WHETHER THE 'PROCEDURE CAN BE USED FOR 

QUANTITATIVE, SEMIQUANTITATIVE, OR QUALITATIVE MINERAL ANALYSIS.  

ILLITE S 

KAOLINITE Q 
QUARTZ Q 
FELDSPARS S 
MUSCOVITE 

CARBONATES 

CALCITE Q 
' DOLOMITE Q 

BASSANlTE S 
GYPSUM 

IRON DISULFIDES Q 
PYRME 

MRCASITE 

APATITE S 
HEMATITE 

RUTILE 

Q S  I 
Q Q S I  

Q S  I 
I 

S I 
Q S 
Q S I  I 

s I I 
I 

I I 
Q S  I 

S 
S 

I 
S 
S I T i  02 - 

Q = Quant i ta t ive  determinat ions (90%) 

S = Semiquant i ta t ive  determinat ions (510-.30%) 

1 = r d e n t i f i c a t i o n  only  possib le  
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FIGURE 1 

Washability curves for  the minerals in the Dis t r ic t  3 Pittsburgh 
coal (See the footnote on  the  next page for  explanations o f  th i s  
diagram). 

309 



Automated Image Analysis of Mineral  Matter 
i n  Raw and Supercleaned Coals 

Warren E. Straszheim and Richard Markuszewski , 

Ames Laboratory1 and Department of Engineering Science and Mechanics 
Iowa S t a t e  Un ive r s i ty ,  Ames, I A  50011 

The advent of h igh ly  s o p h i s t i c a t e d  and automated microscopic tech- 
.niques,  t oge the r  w i t h  powerful mini- and microcomputers, makes i t  now 
poss ib l e  t o  c h a r a c t e r i z e  the  minera l  components of coa l  i n - s i tu .  Com- 
bined automated image a n a l y s i s  (AIA) and scanning e l e c t r o n  microscopy 
(SEM) a l lows  d e t a i l e d  c h a r a c t e r i z a t i o n  of minera ls  i n  coa l  f o r  s i z e ,  
shape, composition, and r e l a t i o n  t o  t h e  coa l  matrix.  For a s ta t is t i -  
c a l l y  s i g n i f i c a n t  number of p a r t i c l e s ,  both s i z e  d i s t r i b u t i o n  and vol -  
ume f r a c t i o n  can be es t imated  and used t o  cha rac t e r i ze  independently 
t h e  mineral  mat te r  content.  The corresponding chemical ana lyses  f o r  
t h e  bulk coa l  samples,  provided by more convent iona l  techniques ,  may be 
r e l a t e d  t o  t h e  AIA-SEM da ta  f o r  comparison. 

Conventional a n a l y t i c a l  t echniques  such as x-ray d i f f r a c t i o n  (XRD) 
and Four ie r  t ransform i n f r a r e d  spectroscopy (FTIR) can i d e n t i f y  the  
mineral  phases p re sen t  i n  coa l  and can sometimes provide  an e s t ima t ion  
of the amount p re sen t .  However, such techniques use  bulk samples; they 
are l imi t ed  t o  c a l c u l a t i n g  only  an "average" c leaning  e f f e c t i v e n e s s  and 
do not o f f e r  in format ion  on t h e  s i z e  d i s t r i b u t i o n  of those  minera l  
phases i d e n t i f i e d .  On the  o t h e r  hand, AIA-SEN permi ts  c leaning  e f f ec -  
t i v e n e s s  t o  be eva lua ted  wi th  r e spec t  to  both p a r t i c l e  s i z e  and minera l  
phase. Thus, problems a s soc ia t ed  wi th  remaving a p a r t i c l e  s i z e  o r  
chemical c l a s s  of p a r t i c l e s  can be de t ec t ed  and addressed. Such infor -  
mation is important f o r  any coa l  p repa ra t ion  process ,  e s p e c i a l l y  s i n c e  
i t  r e l a t e s  g r ind ing  and l i b e r a t i o n  of mineral  p a r t i c l e s  t o  washab i l i t y  
tests (1). 

To eva lua te  c o a l  p a r t i c l e s  produced by f i n e  g r ind ing  f o r  washabil- 
i t y  tests,  t h e  AIA-SEM technique provides informat ion  on t h e  e lementa l  
d i s t r i b u t i o n  among t h e  va r ious  minera l  phases. The minera ls  are c las -  
s i f i e d  us ing  a chemistry d e f i n i t i o n  f i l e  based on t h e  r e l a t i v e  amounts 
of elements p re sen t  as determined by energy-dispersive x-ray spec t ros-  
COPY. 

The AIA-SEM technique  has been used i n  Ames Laboratory t o  s tudy  
t h e  e f f e c t  of g r ind ing  on washabi l i ty  of f i n e  coal.  Severa l  s e r i e s  of 
coals have been cha rac t e r i zed  by t h i s  technique i n  the  p a s t  two yea r s ,  
t hus  demonstrating i t s  usefu lness .  In  t h i s  work, t h e  AIA-SEM. technique 
w a s  appl ied  t o  determine the  coa l  minera l  cha rac t e r  before and a f t e r  
c leaning .  

l h e s  Laboratory is opera ted  f o r  t h e  U. S. Department of Energy by Iowa 
S ta t e  Univers i ty  under Contract No. W-7405-~ng-a2. 
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EXPERIMENTAL 

Sample Descr ip t ion  and Prepara t ion  

The ana lyses  were performed on two bituminous coa ls  being t e s t e d  
f o r  washabi l i ty  by conventional means. The coa ls  were from t h e  
I l l i n o i s  No. 6 seam, Randolph county, I l l i n o i s ,  and from the  P i t t sbu rgh  
No. 8 seam, Lewis county, West Virg in ia .  The coa ls  were ground t o  a 
t y p i c a l  power p l a n t  gr ind  ( i . e . ,  70-80% less than 200 mesh or 75 urn). 
The coals were then  supercleaned by f loa t - s ink  sepa ra t ion  (us ing  halo- 
genated hydrocarbons) a t  1.3 s p e c i f i c  g r a v i t y  t o  produce a very low- 
a s h ,  clean coa l  f r a c t i o n  (ash  content <3%).  The raw and c lean  coa l  
f r a c t i o n s  were analyzed f o r  moisture,  a sh ,  and s u l f u r  forms by the  
u s u a l  ASTM procedures ( s e e  Table 1). 

Table 1. ASTM analyses  of raw and supercleaned coa l  samples  f o r  
moisture,  a sh ,  forms of s u l f u r ,  and minera l  mattera.  

I l l i n o i s  No. 6 P i t t sbu rgh  No. 8 

Raw Clean Raw Clean 

Moisture 16.90 1.95 1.97 1.12 
Ash 16.11 2.61 6.75 2.97 
Tota l  S 5.10 2.54 3.17 1.82 
P y r i t i c  S 2.37 0.22 1.35 0.03 
Su l f a t e  S 0.36 0.04 0.41 0.12 
Organic S 2.36 2.27 1.42 1.67 
Mineral  Matterb 19.32 3.05 8.26 3.37 

a Values a r e  expressed a s  w t .  % on a dry basis, except f o r  
moisture.  
Mineral  mat te r  = 1 . 1 3 ~  a sh  + 0 . 4 7 ~  ( p y r i t i c  s u l f u r ) .  

The raw and clean coa l  samples were prepared f o r  AIA-SEM ana lyses  
by cas t ing  two grams of t he  sample wi th  an epoxy r e s i n  i n t o  molds one 
inch i n  diameter.  The hardened p e l l e t s  were pol i shed  t o  r e v e a l  a c ros s  
sec t ion , ,w i th  f i n a l  po l i sh ing  being done wi th  0.3 pm alumina powder. 
The pe l l ' e t s  were coated with approximately 500 angstroms of carbon t o  
render sample su r faces  e l e c t r i c a l l y  conductive f o r  examination in t h e  
e l ec t ron  micros cope. 

AIA-SEM Analysis 

The AIA-SEM system cons i s t s  of a JEOL (Japan Elec t ron  Optics Labo- 
r a to ry )  model JSM-U3 scanning e l e c t r o n  microscope, a LeMont S c i e n t i f i c  
B-10 image ana lyzer ,  and a Tracor Northern TN-2000 energy-dispersive x- 
ray  analyzer.  The image ana lyzer  is a software-based system with as- 
soc ia ted  e l e c t r o n i c s  f o r  SEM beam con t ro l ,  image ampl i f i ca t ion ,  and 
thresholding. The sof tware  base f o r  image a n a l y s i s  a l lows  t h e  appro- 
p r i a t e  a n a l y s i s  a lgor i thm t o  be se l ec t ed  f o r  t he  p a r t i c u l a r  sample and 
image conditions encountered. P a r t i c l e  ex ten t s  a r e  determined from the  
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poin ts  a t  which h o r i z o n t a l  scans  cross a f e a t u r e ,  and p a r t i c l e  o u t l i n e  . 
is r econs t ruc t ed  from these  ad jacent  chords of a p a r t i c l e .  Once the  
o u t l i n e  has been determined, t he  x-ray d a t a  a r e  co l l ec t ed  from the  
center of t he  p a r t i c l e s .  

Samples were analyzed in the  SEM us ing  25 kV beam vo l t age ,  1-2 nA 
sample cu r ren t s ,  300x magnif ica t ion ,  and backsca t te red  e l e c t r o n  imag- 
ing. 
provide +lo% accuracy on measurements a s  smal l  a s  1% of the  f i e l d  of 
view. X-ray d a t a  were co l l ec t ed  f o r  four  seconds per p a r t i c l e  a t  a 
t y p i c a l  c o u n t i n g , r a t e  of 1000 counts per second. 
were set to monitor the  i n t e n s i t i e s  of 30 elements;  however, only these  
11 elements occurred  with s i g n i f i c a n t  frequency: Na, Mg, A l ,  S i ,  P ,  S ,  
C 1 ,  K. Ca, T i ,  and Fe. Approximately 4000 p a r t i c l e s  were analyzed per 
sample a t  a rate o f  200 p a r t i c l e s  per hour. 

A po in t  dens i ty  of 1024 p i x e l s  ac ross  t h e  sc reen  w a s  used t o  

Regions of i n t e r e s t  

Data Handling 

Based on t he  r e l a t i v e  amounts of the  elements p re sen t ,  the  p a r t i -  
c l e s  were c l a s s i f i e d  i n t o  one of nine minera l  ca t egor i e s  according t o  
the  d e f i n i t i o n s  g iven  in Table 2. The ca t egor i e s  der ived  from previ- 
ously e s t a b l i s h e d  g u i d e l i n e s  (2.3) and inc luded  t h e  common coa l  miner- 
a l s  p y r i t e ,  q u a r t z ,  calcite, s i d e r i t e ,  k a o l i n i t e ,  and i l l i t e .  Several  
o the r  minera ls  were i d e n t i f i e d ,  but they occurred in such small amounts 
t h a t  they  were c l a s s i f i e d  toge ther  i n t o  one common category t i t l e d  
"MINORS". This category included the  minera ls  gypsum, dolomite,  

Table 2. Chemical limits f o r  minera l  phase d e f i n i t i o n s  

Mine ra 1 S p e c i f i c  
Phase Chemical Def in i t i on  in % Rangea Gravi t y  

PYRITE S 10-80; Fe 10-70 
KAOLINITE A 1  15-80; Si 15-85; A l / S i  0.33-3.0 
ILLITE A 1  10-50; Si 20-85; Mg 0-15; Ca 0-35; Fe 0-40; 

Ti 0-15 
QUARTZ Si 65-100 
CALCITE Ca 70-100 
SIDERITE Fe 70-100; Mn 0-30; N i  0-30 
MINORS ( inc ludes  the  fo l lowing  ca t egor i e s )  

GYPSUM S 10-80; Ca 10-70 
DOLOMITE Mg 10-60; C a  60-100 
RUTILE Ti 70-100 
ALUMINA A1 65-100 
APATITE P 15-40; Ca 30-100 

SILICATES S i  20-80 
MISCELLANEOUS (no r e s t r i c t  ions ,  a l l  pa r t  i c l e s  accepted)  

5.00 
2.65 
2.75 

2.65 
2.80 
5.00 

2.30 
2.90 
4.50 
4.00 
3.20 
2.70 
2.00 

aSpec i f i ca t ions  may be given f o r  the  amount of o t h e r  elements t h a t  
a r e  allowed to  be present .  
elements not s p e c i f i c a l l y  l i s t e d  in t he  c l a s s  d e f i n i t i o n  t o  be pres- 
en t ,  but they p l ace  an upper l i m i t  on the  a l lowable  amount. 

Such s p e c i f i c a t i o n s  a l low minor amounts of 

31 2 



r u t i l e ,  alumina, and a p a t i t e .  In add i t ion ,  s e v e r a l  o t h e r  ca t egor i e s  
were def ined  t o  accommodate p a r t i c l e s  not corresponding t o  any of t h e  
above d e f i n i t i o n s .  For example, a "SILICATES" category was def ined  t o  
inc lude  p a r t i c l e s  wi th  s i g n i f i c a n t  s i l i c o n  conten t ,  ye t  with the bal- 
ance of t h e  elements i n  such propor t ions  t h a t  t h e  p a r t i c l e  would not 
f i t  i n t o  e i t h e r  t he  qua r t z ,  k a o l i n i t e ,  o r  i l l i t e  ca tegor ies .  A "MIS- 
CELLANEOUS" category was provided to  inc lude  those  p a r t i c l e s  whose 
composition d id  not  a l low them t o  f a l l  i n t o  any of t he  above-mentioned 
ca t egor i e s .  Fu r the r  desc r ip t ions  of t he  ins t rumenta l ,  s ta t is t ical ,  
c l a s s i f y i n g ,  and process ing  techniques w i l l  be given i n  ano the r  
pub l i ca t ion  being readied  f o r  submission. 

The A I A  procedures c l a s s i f i e d  minera l  p a r t i c l e s  i n t o  both s i z e  and 
chemical c l a s ses .  Area-equivalent diameter was used as t h e  s i z e  param- 
e t e r  f o r  da t a  p re sen ta t ion .  This measurement is  t he  diameter o f  a 
circle with the  same a r e a  a s  t h a t  measured f o r  t h e  minera l  p a r t i c l e .  
Area-equivalent diameter was used in s t ead  of a simple length  o r  width 
measurement because the  o u t l i n e  of minera l  p a r t i c l e s  i n  coa l  i s  o f t e n  
complex enough t o  render such measurements meaningless. 
diameter measurement a l lows  p a r t i c l e s  t o  be c l a s s i f i e d  by the  a r e a  of 
the  p a r t i c l e  and y e t  repor ted  i n  terms of a l i n e a r  dimension. Using 
a v a i l a b l e  l i t e r a t u r e  va lues  f o r  t h e  s p e c i f i c  g r a v i t y  of t he  i n d i v i d u a l  
minera ls ,  the  da t a  were then expressed a s  the  weight f r a c t i o n  of the  
mine ra l  ma t t e r  w i th in  a given mine ra l / s i ze  category. The weight f rac-  
t i o n  da ta  were then  normalized us ing  t h e  minera l  mat te r  conten t  t o  p r e -  
s e n t  the  minera logica l  e s t ima tes  on a dry coa l  basis. Such a presenta-  
t i o n  provides a common base f o r  comparing the  coa ls  before  and a f t e r  
pro cess  ing  . 

The e q u i v a l e n t  

The da ta  a r e  presented  in Tables 3a and 3b f o r  t he  raw and c l ean  
I l l i n o i s  coa l  r e spec t ive ly ,  and i n  Tables 4a and 4b f o r  t h e  r a w  and 
clean P i t t sbu rgh  coa l ,  r e spec t ive ly .  Percent removal of the mine ra l  
ma t t e r  ca l cu la t ed  f o r  each mine ra l  phase and s i z e  category f o r  both 
coa l  samples i s  presented i n  Tables 3 c  and 4c. 

RESULTS AND DISCUSSION 

Conventional a n a l y t i c a l  da t a ,  obtained by ASTM procedures and pre- 
sen ted  i n  Table 1, i n d i c a t e  t h a t  t he  f loa t - s ink  sepa ra t ion  achieved a n  
84% and a 56% removal of ash  from the I l l i n o i s  and P i t t sbu rgh  coa ls ,  
r e spec t ive ly ,  with corresponding decreases  i n  t o t a l  and p y r i t i c  s u l f u r  
of 50 and 91% and of 43 and 9 7 % ,  r e spec t ive ly .  I f  expressed as a re- 
duc t ion  i n  t h e  t o t a l  minera l  matter content ,  based on us ing  a modified 
Pa r r  formula (4).  t he  corresponding va lues  a r e  84% f o r  t h e  I l l i n o i s  
c o a l  and 59% f o r  t h e  P i t t sbu rgh  coal.  

The AIA da ta  f o r  t he  I l l i n o i s  coa l  (Tables 3a-c) and f o r  t h e  
P i t t sbu rgh  coa l  (Tables 4a-c) a r e  much more i n t e r e s t i n g .  Resu l t s  f o r  
the  raw I l l i n o i s  coa l  show t h a t  p y r i t e ,  qua r t z ,  and two c lays  (kaol in-  
i t e  and i l l i t e  i n  approximakely equal  propor t ions)  make up t h e  bulk 
(86%) of the  minera l  matter." 
d i s t r i b u t e d  over t h e  e n t i r e  range of p a r t i c l e  s i z e  from l e s s  than  4 urn 
t o  more than 36 vm i n  diameter.  

The mineral  phases are r a t h e r  uniformly 



Table 3a. A I A  results f o r  I l l i n o i s  No. 6 raw coa l  (200 x 0 mesh), expressed 
as weight percent  of dry coa l .  

P a r t i c l e  S i z e  
Mineral 
Phase <4 pm <7 pm <12 pm <21 vrn <36 pm >36 pm Tota l s  

P y r i t e  0.71 0.77 1.16 1.44 1.62 1.27 6.97 
Kao l in i t e  0.57 0.67 0.65 0.38 0.36 0.20 2.83 
I l l i t e  0.32 0.38 0.42 0.42 0.45 0.47 2.47 
Quartz 0.84 0.90 1.02 0.71 0.35 0.61 4.43 
S i d e r i t e  0.10 0.10 0.08 0.14 0.00 0.00 0.42 
Ca 1 cite 0.04 0.04 0.14 0.11 0.10 0.41 0.83 
S i l i c a t e s  0.23 0.16 0.17 0.10 0.03 0.19 0.89 
Minors 0.02 0.03 0.05 0.01 0.04 0.00 0.15 
Miscellaneous 0.05 0.06 0.11 0.03 0.07 0.00 0.32 

1 I 

Tota l s  2.87 3.12 3.79 .3.36 3.02 3.15 19.32 

Table 3b. A I A  r e s u l t s  f o r  I l l i n o i s  No. 6 coal  f l o a t e d  a t  1.3 s p e c i f i c  
g r a v i t y ,  a s  expressed as weight percent  of dry coal.  

Mineral 
Phase 

P y r i t e  
Kao l in i t e  
I l l i t e  
Quartz 
S i d e r i t e  
Ca lc i t e  
S i l i c a t e s  
Minors 
Miscellaneous 

<4 Urn 

0.19 
0.10 
0.12 
0.16 
0.02 
0.00 
0.08 
0.02 
0.04 

<7 pm 

0.28 
0.16 
0.12 
0.19 
0.01 
0.00 
0.05 
0.02 
0.03 

P a r t i c l e  S ize  

<12 pm <21 urn 

0.42 0.21 
0.09 0.02 
0.11 0.07 
0.18 0.09 
0.01 0.02 
0.00 0.00 
0.03 0.02 
0.01 0.00 
0.02 0.00 

<36 pm >36 pa 

0.07 
0.03 
0.00 
0.01 
0.02 
0 .oo 
0.02 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Tota l s  

1.17 
0.40 
0.42 
0.63 
0.08 
0.01 
0.20 
0.04 
0.08 

To ta l s  0.72 0.86 0.87 0.44 0.16 0.00 3.05 

Table 3c. Use of A I A  r e s u l t s  t o  e s t ima te  percent  removal of minera l  mat te r  
from I l l i n o i s  No. 6 coal.  The numbers a r e  based on values  in 
Tables 3a and 3b before they were rounded o f f .  

M i  ne r a  1 
Phase 

P y r i t e  
Kao l in i t e  
I l l i t e  
Quartz 
S i d e r i t e  
Ca lc i t e  
S i l i c a t e s  
Minors 
Miscellaneous 

<4 pm 

73 

61 
81  
81 
98 
67 
38 
30 

83  . 

<7 pm 

64 
77  
69 
79 
85 
93 
67 
51 
58 

P a r t i c l e  S ize  

<12. pm <21 pm <36 pm 

64 85 
86 94 

83  88 
86 89 
97 96 
81 77 

83  100 

74 a 2  

75 ieo 

95 
91 

100 
96 

100 
. 45 

100 
100 

-- 

>36 Urn Tota l s  

100 83  
100 86 
100 83  
100 86 
100 80 
100 99 
100 77 
100 72 
100 75 

~~~ ~~~~ 

T o t a l  75 73 77 87 95 100 84 
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Table 4a. AIA r e s u l t s  f o r  P i t t sbu rgh  No. 8 raw coa l  (200 x 0 mesh), 
expressed a s  weight percent of dry coal.  

M i  ne ra  1 
Phase <4 pm 

~~ 

P y r i t e  
Kaol in i te  
I l l i t e  
Quar tz  
S i d e r i t e  
Ca lc i t e  
S i l i c a t e s  
Minors 
M i  s ce 1 l a  neous 

0.13 
0.08 
0.06 
0.03 
0.02 
0 .oo 
0.01 
0.05 
0.02 

<7 pm 

0.62 
0.38 
0.26 
0.13 
0.10 
0.02 
0.02 
0.22 
0.10 

P a r t i c l e  S ize  

<12 pm < 2 1  pro 

0.72 0.81 
0.24 0.12 
0.17 0.14 
0.12 0.08 
0.06 0.08 
0.01 0.02 
0.01 0.02 
0.12 0.02 
0.05 0.04 

<36 pm >36 pm 

1.00 
0.08 
0.16 
0.01 
0.14 
0.00 
0.07 
0.00 
0.02 

~ ~~ 

1.19 
0.04 
0.20 
0.15 
0.06 
0 .oo 
0.00 
0.00 
0.09 

To ta l s  

4.47 
0.94 
0.98 
0.52 
0.46 
0.05 
0.13 
0.41 
0.31 

To t als 0.40 1.84 1.50 1.33 1.47 1.72 8.26 

Table 4b. AIA r e s u l t s  f o r  P i t t sbu rgh  No. 8 Coal f loa t ed  a t  1.3 s p e c i f i c  
g r a v i t y ,  as expressed a s  weight percent of dry coa l .  

P a r t i c l e  S ize  
Mineral 
Phase <4 ym <7 urn <12 Um <21 Ilm <36 pm >36 pin Tota l s  

P y r i t e  0.21 0.33 0.35 0.08 
Kaol in i te  0.28 0.45 0.21 0.04 
I l l i t e  0.24 0.35 0.11 0.01 
Quartz 0.07 0.17 0.07 0.02 
S i d e r i t e  0.00 0.01 0.01 0.03 
Ca lc i t e  0.00 0.01 0.01 0.01 
S i l i c a t e s  0.02 0.02 0.01 0.00 
Minors 0.02 0.03 0.01 0.04 
Miscellaneous 0.06 0.08 0.03 0.00 

0.00 
0.00 
0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.96 
0.98 
0.70 
0.34 
0.05 
0.02 
0.05 
0.10 
0.17 

To ta l s  0.91 1.43 0.80 0.22 0.00 0.00 3.37 

Table 4c. Use of AIA r e s u l t s  t o  e s t ima te  percent removal of minera l  ma t t e r  
from P i t t sbu rgh  No. 8 coal.  The numbers a r e  based on values  in 
Tables 4a and 4b before they were rounded o f f .  

P a r t i c l e  S ize  . 
Mineral 
Phase <4 ~ l m  <7 pm <12 pm <21 pm <36 pm >36 pm Tota l s  

P y r i t e  -- 46 51 89 100 100 78 
Kao l in i t e  -- -- 12 64 100 100 -- 

37 96 100 100 28 I l l i t e  
39 75 100 100 35 Quartz 

S i d e r i t e  76 95 80 63 100 100 88 
Ca lc i t e  80 62 41 69 100 100 60 

32 100 100 100 62 S i l i c a t e s  
Minors 57 86 89 100 100 75 
Miscellaneous -- 1 7  42 100 100 100 45 

-- -- -- -- 

-- -- 
-- 

Tota l  
~ 

-- 22 46 83  100 100 59 
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In the  superc leaned  I l l i n o i s  coa l ,  t he  l e v e l s  of almost a l l  miner- 
a l s  have been reduced by 60-85% somewhat uniformly f o r  most of t h e  
p a r t i c l e  s i z e  ranges up t o  21 Um. Above t h a t  s i z e ,  the  removal in- 
creases  sharp ly ,  wi th  nea r ly  complete removal f o r  t h e  l a r g e r  s i z e s .  
The 21 Dm cut-off seems reasonable f o r  p y r i t e  when the  following calcu- 
l a t i o n  i s  considered. A 2 1  Dm p y r i t e  phase ( s p e c i f i c  g r a v i t y  of 5.0) 
embedded i n  a 200 mesh (i.e. 75 pm) coa l  p a r t i c l e  ( s p e c i f i c  g r a v i t y  of 
1.25) accounts  f o r  on ly  2.2% of the  t o t a l  volume. However, because i t  
accounts f o r  8.2% of t h e  t o t a l  weight of such a p a r t i c l e ,  i t  increases  
the  s p e c i f i c  g r a v i t y  of the  t o t a l  assemblage t o  over  1.33; i t  is thus  
r e j ec t ed  in t he  f loa t - s ink  sepa ra t ion .  A 12 pm p y r i t e  phase, however, 
accounts f o r  about 1% of the  volume of the 74-llm assemblage, while t he  
s p e c i f i c  g rav i ty  is 1.29; thus i t  is ca r r i ed  a long  with the  f l o a t  f rac-  
t i on .  Of course,  s i n c e  the  s i z e  cons i s t  is 200 mesh x 0, t he re  are 
many sma l l  p y r i t e  p a r t i c l e s  completely l i b e r a t e d  o r  a t tached  to  smal le r  
s i zed  c o a l  p a r t i c l e s ;  however, the cut-off a t  2 1  Dm is s t i l l  remarka- 
bly sharp. Furthermore,  s ince  the  s p e c i f i c  g r a v i t i e s  f o r  t h e  o t h e r  
minerals a r e  lower than  f o r  p y r i t e ,  s i m i l a r  ca l cu la t ions  f o r  the o t h e r  
minera ls  should y i e l d  a h igher  value f o r  the  p a r t i c l e  s i z e  a t  the  cut- 
o f f  point.  

When the o v e r a l l  removal of 84% of the t o t a l  minera l  mat te r  is 
broken down by p a r t i c l e  s i z e ,  i t  shows an expected t r end  of i nc reas ing  
with inc reas ing  p a r t i c l e  s i z e .  The c leaning  e f f ec t iveness  ranges from 
about 75% f o r  t h e  smaller p a r t i c l e s  (4-12 Urn) t o  87% a t  2 1  pm and t o  
100% f o r  p a r t i c l e s  l a r g e r  than 36 Urn. 

The AIA r e s u l t s  f o r  t h e  P i t t sbu rgh  No. 8 coa l  (Tables 4a-c) show a 
d i s t i n c t l y  d i f f e r e n t  cha rac t e r  of t h i s  coal. The minera l  ma t t e r  in the 
raw sample is more than  50% p y r i t e .  Although the  t o t a l  amount of c lay  
p lus  quar tz  i s  only one-fourth t h a t  of the  I l l i n o i s  No. 6 coa l ,  t h e  
clay-to-quartz r a t i o  i s  much higher.  I n  add i t ion ,  a s u b s t a n t i a l l y  
l a rge r  f r a c t i o n  of t h e  minera l  content is present  in t h e  l a r g e r  s i z e  
ranges. This c o a l  e x h i b i t s  a much sharper  cut-off i n  the  e f f e c t i v e n e s s  
of cleaning as a func t ion  of p a r t i c l e  s i z e .  The superc lean  coa l  frac- 
tion conta ins  no p a r t i c l e s  l a r g e r  than 21 pm in diameter.  The smal le r  
s i z e  f r a c t i o n s  show only  small amounts of minera l  matter removed. For 
the  two smal les t  s i z e s ,  even a s l i g h t  enrichment can be seen  f o r  sever- 
a l  mineral phases.  This apparent  enrichment i s  p a r t i a l l y  t h e  r e s u l t  of 
a mathematical anomaly of t he  normal iza t ion  process and p a r t i a l l y  due 
t o  the decrease  in t h e  t o t a l  weight by the  removal of o the r  minera l  
matter from the  l a r g e r  f r a c t i o n s .  In any case ,  t he  abso lu te  minera l  
content i n  t h e s e  very smal l  s i z e  f r a c t i o n s  i s  so minute t h a t  the  al- 
lowed a n a l y t i c a l  e r r o r s  can account f o r  the  d iscrepancy ,  and the over- 
a l l  d i f f e rences  become neg l ig ib l e .  

Another obse rva t ion ,  however, should be s c r u t i n i z e d  more c lose ly .  
In  both coa ls ,  t h e  conten t  of p y r i t e  a s  determined by A I A  is consis- 
t en t ly  higher than  t h a t  ca l cu la t ed  from the p y r i t i c  s u l f u r  va lues  ob- 
ta ined  by ASTM. Since  t h e  accuracy ( r e p r o d u c i b i l i t y  between d i f f e r e n t  
l a b s )  f o r  ASTM ana lyses  can be wi th in  0.30 o r  0.40% ( f o r  less than o r  
more than  2.0% p y r i t i c  s u l f u r ,  r e spec t ive ly ) (5 ) ,  p a r t  of t h e  discrepan- 
cy could be expla ined  by t h e  poss ib l e  a n a l y t i c a l  e r r o r .  A more p laus i -  
b l e  i n t e r p r e t a t i o n  can be g iven  i f  t h e  ASTM leachings  wi th  n i t r i c  ac id  
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do not  remove a l l  of the  p y r i t e .  S i g n i f i c a n t  res idues  of p y r i t e  have 
been observed previous ly  i n  such leached coa l  samples (6).  Another 
poss ib l e  explana t ion  can r e s i d e  i n  t h e  s p e c i f i c  g rav i ty  of p y r i t e  used. 
Although 5.0 is t h e  l i t e r a t u r e  va lue  f o r  mineral-grade p y r i t e ,  p a s t  
work i n  t h i s  labora tory  e s t a b l i s h e d  t h a t  coal-derived p y r i t e  can have a 
s p e c i f i c  g r a v i t y  s i g n i f i c a n t l y  lower, ranging from about 3.60 f o r  hand- 
picked samples t o  4.25-4.50 f o r  samples which have been ex tens ive ly  
cleaned with ho t  hydrochlor ic  a c i d  (7) .  Although the  abso lu te  va lues  
f o r  t h e  p y r i t e  conten t  a r e  d ive rgen t ,  t h e  r e l a t i v e  amounts removed (on 
a w t .  % b a s i s )  a r e  r e l a t i v e l y  comparable f o r  both methods of a n a l y s i s .  
However, f u r t h e r  work is i n  progress  to  reso lve  t h i s  i s sue .  

CONCLUSIONS 

Automated image a n a l y s i s  used i n  conjunction with scanning e l ec -  
t ron  microscopy and energy-d ispers ive  x-ray a n a l y s i s  has been shown t o  
be an e f f e c t i v e  t o o l  t o  cha rac t e r i ze  i n - s i t u  the  mineral  mat te r  i n  raw 
and cleaned coa l .  Both mine ra l  phase a n a l y s i s  and p a r t i c l e  s i z e  d is -  
t r i b u t i o n  were obta ined  f o r  two coa l s  (200 mesh x 0) before and a f t e r  
processing. For I l l i n o i s  No. 6 coa l ,  which contained mostly p y r i t e ,  
qua r t z ,  k a o l i n i t e ,  and i l l i t e  r a t h e r  uniformly d i s t r i b u t e d  among the  
var ious  p a r t i c l e  s i z e s ,  t h e  c leaning  e f f e c t i v e n e s s  increased  g radua l ly  
with inc reas ing  p a r t i c l e  s i z e  of t he  minera l  phases. The l e v e l s  of 
removal ranged from about 75% f o r  t h e  sma l l e s t  p a r t i c l e s  t o  100% f o r  
p a r t i c l e s  l a r g e r  than  36 Um. For t h e  P i t t sbu rgh  coa l ,  more than  ha l f  
of t he  mineral  mat te r  was p y r i t e .  and the  p y r i t e  was r e l a t i v e l y  coarse. 
The o the r  minera ls  were sma l l e r  i n  s i z e .  During c leaning  of t h e  
P i t t sburgh  coa l ,  most of t he  la rge-s ized  minera l  matter was removed, 
while t h e  f i ne r - s i zed  minera l  ma t t e r  w a s  r e l a t i v e l y  untouched. The 
cut-off s i z e  was approximately 21 Urn.  
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Introduction 

A process for producing premium quality coal with a very low ash content was 
demonstrated recently (1). 
alkaline solution to dissolve quartz and to convert clay minerals and iron pyrite 
into acid-soluble compounds which are removed in a second step by treatment with 
acid. To understand this process better, several minerals which generally make up 
a major portion of the ash-forming mineral matter in many coals were reacted 
individually with hot alkaline solutions, and the solid reaction products were 
characterized by X-ray diffraction (XRD). In this study, quartz, kaolinite, and 
iron pyrite were reacted individually with NapCO , NaHC03, and NaOH solutions using 
various concentrations and temperatures. The so?id products were identified and 
their solubility in dilute mineral acids demonstrated. 
conversion of quartz and pyrite to acid-soluble species was demonstrated for various 
alkaline treatment conditions. 

This process involves reacting the material with a hot 

In addition, the extent of 

Experimental Methods 

The materials used for  this study, obtained from sources listed in Table 1, 
were checked for impurities by XRD. Using this method, no impurities were detected 
in the quartz, but the kaolin appeared to contain a significant amount of quartz and 
trace quantities of illite and titania. The iron pyrite was obtained as nodules by 
handpicking the refuse produced in cleaning coal from Mahaska County, Iowa. 
nodules were crushed and ball-milled to -38 pm size. Part of the ground pyrite was 
treated for 1 hr. with excess 1.2 HC1 at 7OoC under a nitrogen atmosphere (to 
remove acid-soluble impurities) and then washed and dried. This acid-cleaned 
material contained about 88% FeS2, based on total sulfur content, and significant 
amounts of quartz and kaolinite plus a trace of.titania. 
contain some amorphous material which may have been coal. 
not been treated with acid contained all of these impurities plus significant 
amounts of calcite and iron oxides. 

Table 1. Materials which were leached 

The 

In addition, it seemed t o  
The raw pyrite which had 

Material Source Impurities 

Quartz Ottawa sand (Ill.) None 

Kaolin Old Hickory No. 5 ball clay (Ky.) SiOp, Illite, Ti02 

Raw pyrite Coal, Mahaska County (Ia.) CaC03, iron oxides 
SiOp, kaolinite, TiOZ 

Cleaned pyrite Same as above SiOp, kaolinite, Ti02 
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For the  leaching  experiments,  a weighed amount of f i n e l y  divided mineral  
mat te r  was mixed wi th  120 m l .  of a l k a l i n e  s o l u t i o n  i n  a 300 m l .  s t a i n l e s s  s t e e l  
autoclave equipped wi th  a tu rb ine  a g i t a t o r .  The system w a s  f lushed wi th  n i t rogen  
and then heated t o  t h e  des i r ed  leaching temperature. 
3.4 atm. was maintained throughout the leaching  process.  The mixture was s t i r r e d  
continuously whi le  leaching  was conducted a t  cons tan t  temperature and pressure  f o r  
a spec i f ied  per iod .  A f t e r  t h i s  treatment,  t he  au toc lave  was cooled quick ly ,  and 
t h e  conten ts  of t he  au toc lave  were f i l t e r e d  t o  recover any undissolved s o l i d s .  The 
s o l i d s  were washed wi th  water, d r i ed  i n  an oven, weighed, and divided i n t o  two 
p a r t s .  
copper Ka r ad ia t ion .  
and washing s t e p  i n  o rde r  t o  determine t h e  propor t ion  of acid-soluble ma te r i a l .  

A n i t rogen  overpressure  of 

One por t ion  was analyzed by XRD with a Siemens D500 d i f f r ac tomete r  using 
The o the r  por t ion  was usua l ly  subjec ted  to an ac id  treatment 

For t h e  ac id  t rea tment  s t ep .  up t o  3 g .  of a lka l i - leached  ma te r i a l  was mixed 
wi th  300 m l .  of mineral  ac id  (approximately 2.0 3) i n  a s t i r r e d ,  three-neck Pyrex 
r eac t ion  f l a s k  f o r  30 min. The treatment was conducted e i t h e r  a t  room temperature 
(25°C) or a t  t h e  b o i l i n g  poin t  (1OO'C). Af te r  t h e  t rea tment  t he  mixture was 
f i l t e r e d .  and any undissolved s o l i d s  were washed with water ,  d r i e d ,  weighed, and 
analyzed by XRD. 

Experimental Resul t s  

I n  one set of experiments,  -38 pm s i z e  quar tz  p a r t i c l e s  were leached with 
var ious  hot  a l k a l i n e  s o l u t i o n s  t o  study the  e f f e c t s  of a l k a l i  type ,  a l k a l i  concentra- 
t i o n ,  r a t i o  of a l k a l i  t o  quar tz .  temperature,  and leaching  time on d i s so lu t ion .  
After each leaching ,  t h e  r eac to r  conten ts  were f i l t e r e d  wi th  Whatman No. 40 f i l t e r  
paper using suc t ion ,  and t h e  res idue  was washed wi th  co ld  water.  d r i ed  a t  35OoC f o r  
2 h r . .  and weighed. The percentage of ma te r i a l  ex t r ac t ed  w a s  ca l cu la t ed  using the  
following expression: 

Ext rac t ion  (%) = 100 - w t ; t ~ f o ~ e ~ ~ " , e  x 100 1) 

The r e s u l t s  of l each ing  quar tz  with Na2C03 so lu t ions  having d i f f e r e n t  concentra- 
t i ons  a re  shown i n  Figure 1. 
120 m l .  of so lu t ion  a t  250°C f o r  t he  ind ica ted  t i m e .  It can be seen  t h a t  the  
amount of material ex t r ac t ed  increased l i n e a r l y  wi th  t i m e  f o r  about t he  f i r s t  hour. 
During t h i s  period the  rate of ex t r ac t ion  a l s o  increased  wi th  a l k a l i  concent ra t ion  
t o  approximately the  0.5 power. Following the  cons tan t  r a t e  period. t h e  ex t r ac t ion  
stopped. 
s o l u b i l i t y  l i m i t  a t  room temperature r a t h e r  than a t  t h e  leaching  temperature.  
following evidence pointed t o  t h e  lower temperature l i m i t .  The r e s idue  remaining 
a f t e r  leaching quar tz  f o r  2 h r .  O K  more was an amorphous, non-crys ta l l ine  s o l i d  
which was in so lub le  i n  h o t  HC1. The r e s u l t s  suggested t h a t  quar tz  had d isso lved  i n  
t h e  hot so lu t ion ,  and upon cool ing  some of the  s i l i c a  and poss ib ly  some of the  soda 
had r ep rec ip i t a t ed  a s  an amorphous OK g l a s sy  material. 
r e s idue  remaining a f t e r  qua r t z  had been leached f o r  less than 1 h r .  appeared t o  be 
l a r g e l y  quar tz .  
Solu t ion ,  t he  amount of  m a t e r i a l  ex t rac ted  was only  69% which w a s  no g r e a t e r  than 
t h e  maximum amount ex t r ac t ed  a t  250°C. From published s o l u b i l i t y  da t a  (2) f o r  
s i l i c a  i n  va r ious  a l k a l i n e  so lu t ions ,  one would expect t h e  s o l u b i l i t y  of quar tz  i n  a 
Na2C03 so lu t ion  t o  inc rease  markedly wi th  temperature.  

For each po in t ,  2.0 g. of quar tz  w a s  leached wi th  

Apparently t h e  s o l u b i l i t y  l i m i t  w a s  reached, and i t  seemed t o  be the  
The 

On the  o t h e r  hand, t h e  

Furthermore when quar tz  was leached for  1 hr .  a t  300'C wi th  a 1.0 E 

Even though the  amount of s i l i c a  ex t r ac t ed  seemed t o  be l imi ted  by t h e  room 
temperature s o l u b i l i t y  l i m i t ,  t h i s  l i m i t  w a s  r a i s e d  by inc reas ing  e i t h e r  t h e  a l k a l i  
concent ra t ion  o r  t h e  r a t i o  of a l k a l i  t o  quar tz .  
concent ra t ion  from 1.0 2 t o  2.0 M, the maximum amount ex t rac ted  was  r a i sed  from 70% 
t o  98.5%. Moreover when the  quant i ty  of quar tz  leached in 1 hr .  wi th  a 1.0 3 solu- 
t i o n  a t  250°C was reduced from 1 g. t o  2 g . ,  t he  percentage ex t rac ted  increased  
from 58% t o  95%. 

Thus by inc reas ing  the  a l k a l i  
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Figure 1. Dissolution of quartz ( 2 . 0  9.) by hot (25OoC) sodium 
carbonate solutions (120 ml . )  having d i f f erent  concen- 
trations (1.0-3.0 E) .  
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Quartz was also leachcd for 1 hr. at 250°C with either 2.0 NaOH or NaHC03. 
In each case 2.0 g. of quartz was leached with 120 ml. of solution. 
quartz (99.5%) was converted to soluble sodium silicates and extracted by the hot 
caustic. On the other hand, only 10% of the quartz was extracted by the NaHC03 
solution, and the residue appeared to be entirely quartz. These values were 
noticeably different from the 58% extracted by 1.0 g Na2C03 under similar conditions. 
Therefore, these leachants were not equivalent even though each provided the same 
number of moles of sodium. 

Most of the 

None of the residues remaining after leaching quartz with any of the alkalis 
were acid-soluble. 

In a second set of experiments, -74 size kaolin particles were leached with 
hot alkaline solutions to study the conversion of kaolinite to various sodium hydro- 
aluminosilicate compounds (Table 2) under different leaching conditions. In each 
experiment, 15 g. of kaolin was leached with 120 ml. of alkaline solution. The 
solid reaction product was recovered by filtration, washed with water, dried in an 
oven at 95"C, and analyzed by XRD. Although this method of analysis identified the 
minerals present, it provided only an approximate indication of the relative pro- 
portions of the various minerals present. Quartz was particularly misleading 
because the method of detection was very sensitive to this mineral. Therefore, the 
results are reported only in terms of major, minor, and trace quantities present in 
the product as indicated by XRD (Table 3). Because the small amount of titania in 
the kaolin was apparently not affected by even the most rigorous leaching condi- 
tions, the product always contained a trace of this material so no further mention 
seems necessary. 

When kaolin was leached with 1.0 g Na2C03 at 200°C for 1 hr., most of the 
kaolinite was converted to the sodalite-type natrodavyne (NS) while the quartz and 
illite impurities were not affected noticeably (Table 3). Increasing the leaching 
temperature to 250°C resulted in the conversion of the kaolinite to a mixture of 
mixed-type natrodavyne (NCS) and analcime (A) and complete dissolution of the quartz 
impurity. 
resulted in the conversion of the kaolinite to the cancrinite-type natrodavyne (NC). 
Only at 350'C did the illite impurity appear to be affected. 

The illite impurity was not affected. Leaching at 300°C and above 

A similar trend was observed when kaolin was leached for 1 hr. at 250°C with 
Na2C03 solutions of different concentrations (Table 3). 
(0.2 E), part of the kaolinite was converted to the sodalite-type natrodavyne while 
the impurities were untouched. At the highest concentration (2.0 5). the kaolinite 
was converted to the cancrinite-type natrodavyne, and although the quartz was 
extracted, the illite remained. 

At the lowest concentration 

Somewhat similar changes were observed when the leaching time was varied while 
holding the concentration o f  Na CO at 1.0 M and the temperature at 250°C. W i t h  a 
leaching time of 0.5 hr. the ka$li?ite was Zonveited to a mixture of analcime and 
sodalite-type natrodavyne, whereas with a leaching time of 2.0 hr. the kaolinite was 
largely converted to the cancrinite-type natrodavyne. Not all of the quartz was ex- 
tracted when leaching was conducted for 0.5 hr., but all of the quartz appeared to be 
removed when leaching was conducted for longer periods. However, the illite remained 
even after 2 hr. of leaching. 

m e n  kaolin was leached with 1.0 M NaOH at 25OoC for 1 hr., most of the 
kaolinite appeared to be converted to znalcime (Table 3). 
tion t o  2.0 E resulted in converting most of the kaolinite to hydroxycancrinite (HC). 
In either case the quartz impurity was extracted but the illite impurity remained. 

the sodalite-type natrodavyne, but it had no apparent effect on the impurities. 
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Table 2. Various sodium hydroaluminosi l icates  produced i n  leaching  k a o l i n i t e  with 
hot  a l k a l i n e  s o l u t i o n s  

Mineral Chemical formula Symbol 

Analcime Na20-Al2O3-4(SiO2) * 2  (H20) A 

HC 

Hydroxysodalite (same a s  above) HS 

Hydroxycancrinite Na20.A1 0 * 2  (Si02) .$NaOH) 2 *n(H20) 
2 3  

NS Na20-A1 0 .2(Si02).~(Na2C03).n(H20) 1 
2- 3 

Natrodavyne 
(sodal i te- type)  

Natrodavyne (same as above) 
(cancrini te- type)  

Nat rodavyne (same as above) 
(mixed type) 

NC 

NCS 

~ ~~ ~~ ~ ~~ ~~~~ ~~ ~~~ 

T n h l e  3. Resul ts  of leaching 15 g. kaol in  ( -74  um) with 120 m l .  a l k a l i n e  s o l u t i o n  

2' Leaching condi t ions  Mineral products  excluding Ti0 
. 2 lkn l i  Conc., - M Temp., OC T i m e ,  h r .  type,  (amount)a 

Na ('0 2 '  3 

N a  CO 2 3  
Na2C03 

Na2C03 

Na2C03 

Na2C03 

Na2C03 

Na2C03 

N a  CO 2 3  
Na CO 2 3  
Na2C03 

NaOH 

NaOH 

NaHC03 

1.0 

1 .0  

1 .0  

1 .0  

0.2 

0.5 

1.0 

2.0 

1.0 

1.0 

1 .0  

1.0 . 
2.0 

2.0 

200 1 .0  

250 1.0 

300 1.0 

350 1.0 

250 1.0 

250 1.0 

250 1.0 

250 1.0 

250 0.5 

250 1 .0  

250 2.0 

250 1 .0  

250 1.0 

250 1.0 

NS(maj ) , Si02 (rnaj) , k a o l i n i t  e(min) ,  
i l l i t e ( t r )  

NCS(maj), A(maj), i l l i t e c t r )  

NC(maj), A(min), i l l i t e ( t r )  

NC (maj ) 

Si0 (rnaj), k a o l i n i t e h i n ) ,  NS(min), 
i d t e ( t r )  

Si02(maj), NS(maj), i l l i t e ( t r )  

NCS(maj), A(maj), i l l i t e ( t r )  

NC(maj), i l l i t e ( t r )  

A(maj), Ns(maj) 

NCS(maj), A(maj 

NC(maj), A(min) 

A(maj), HS(min) 

HC(maj), A(min) 

Si02(min), i l l i t e ( t r )  

, i l l i t e ( t r )  

i l l i t e ( t r )  

i l l i t e ( t r )  

i l l i t e  ( t r )  

NS(maj), Si02(maj), i l l i t e ( t r )  

"Amount: maj = major q u a n t i t y ,  min = minor q u a n t i t y ,  t r  = t r a c e  q u a n t i t y .  
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To i n v e s t i g a t e  the d i s so lu t ion  of the  sodium hydroa luminos i l ica tes  produced by 
a lka l ine  leaching ,  3.0 g .  por t ions  of t he  leached product were t r ea t ed  wi th  300 m l .  
of acid i n  a s t i r r e d  f l a s k  f o r  30 min. 
u t i l i zed .  While H C 1  was always used a t  t he  b o i l i n g p o i n t ,  H2S04-was sometimes used 
a t  the b o i l i n g  po in t  and sometimes a t  room temperature.  
s o l i d  res idue  remaining a f t e r  t he  ac id  treatment,  i t  was found t h a t  a l l  of the  
soda l i te - type  and canc r in i t e - type  compounds were d isso lved  by the ac ids  whether hot 
o r  cold. 
ac ids .  

E i the r  2.0 M H C 1  o r  1.8 M H2S04 were 

From XRD ana lys i s  of the  

On t h e  o t h e r  hand, analcime was  completely d isso lved  only by t h e  bo i l i ng  

In  a t h i r d  set of experiments,  -36 pm p y r i t e  p a r t i c l e s  were leached wi th  hot 
a lka l ine  so lu t ions  t o  study t h e  conversion of i ron  p y r i t e  t o  i ron  oxide and so luble  
s u l f u r  spec ie s .  I n  each experiment, 5 g. of acid-cleaned p y r i t e  was leached with 
120  m l .  of a l k a l i n e  s o l u t i o n  f o r  1 h r .  I n  add i t ion  t o  analyzing the  s o l i d  res idue  
by XRD, t h e  t o t a l  s u l f u r  conten t  of t h e  l eacha te  was .de temined  i n  order  t o  
es t imate  p y r i t e  conversion. 

When i r o n  p y r i t e  was leached f o r  1 hr .  wi th  1.0 E Na2C03 a t  25OoC, only 1 2 . 7 %  
of the  p y r i t e  was converted t o  i ron  oxide and so lub le  s u l f u r  spec ie s  (Table 4 ) .  
Increas ing  t h e  l each ing  temperature t o  300-C ra i sed  the  conversion t o  26.4%, and 
increas ing  the  temperature t o  350'C r a i sed  the  conversion t o  44.8%. 
t h e  so l id  r e s idue  cons i s t ed  p r inc ipa l ly  of hemat i te  and unreacted p y r i t e .  

In  each case 

Increas ing  t h e  Na2C03 concent ra t ion ,  whi le  maintaining t h e  leaching  time a t  
1 h r .  and temperature a t  250°C, increased t h e  p y r i t e  conversion only s l i g h t l y  
(Table 4 ) .  
f o r  1 h r . ,  a convers ion  of 62% was  achieved. Again, hematite appeared t o  be  the  
p r inc ipa l  s o l i d  r e a c t i o n  product.  

On t h e  o the r  hand, when p y r i t e  was leached wi th  2 .O NaOH a t  3OO0C 

When t h e  p y r i t e  r e s idue  from the  a l k a l i n e  leaching  s t e p  was t r e a t e d  wi th  ac id ,  
a l l  of the  hemat i te  d i sso lved  i n  e i t h e r  ho t  HC1 o r  H2S04. 
appeared t o  d i s so lve  incompletely o r  very  slowly i n  cold H2S04. 
was not touched by t h e  ac id  whether ho t  or  co ld .  

However, t h e  hematite 
Unreacted py r i t e  

Conclusions 

The s o l u b i l i z a t i o n  of s eve ra l  of t h e  most preva len t  minera ls  i n  coa l  was 
demonstrated by a one- o r  two-step treatment process.  The f i r s t  s t e p  involves 
treatment wi th  a ho t  a l k a l i n e  so lu t ion  whi le  t h e  second s t e p  involves treatment 
wi th  a d i l u t e  minera l  ac id .  

It was shown t h a t  f i ne - s i ze  quar tz  p a r t i c l e s  r e a d i l y  d i s so lve  i n  1-2 
o r  NaOH a t  25OOC. However, when quar tz  is  ex t rac ted  by a hot Na2C03 so lu t ion  which 
is  then cooled ,  an amorphous, ac id- inso luble  ma te r i a l  i s  produced under some condi- 
t i o n s .  
temperature s o l u b i l i t y  l i m i t  of the ma te r i a l  i s  exceeded. 
amorphous ma te r i a l  i s  prevented by using h igher  concent ra t ions  of a l k a l i  o r  a higher 
r a t i o  of a l k a l i  t o  s i l i c a .  

Na2C03 

A l i k e l y  p o s s i b i l i t y  i s  tha t  amorphous s i l i c a  p r e c i p i t a t e s  when t h e  room 
Formation of t he  

It was a l s o  shown t h a t  k a o l i n i t e  r e a c t s  wi th  hot a lka l ine  so lu t tons  t o  form 
var ious  sadium hydroa luminos i l ica tes  which a r e  ac id-so luble .  The p a r t i c u l a r  s o d i u r i  
hydroa luminos i l ica te  formed depends on the type of a l k a l i  employed, t he  a l k a l i  con-  
c en t r a t ion ,  the  t rea tment  temperature,  and length of treatment.  When Na2C03 i s  em- 
ployed, k a o l i n i t e  i s  l a r g e l y  converted t o  the  soda l i te - type  natrodavyne under l e s s  
rigorous cond i t ions  and to  the  cancr in i te - type  natrodavyne under more rigorous condi- 
t i o n s .  Under in te rmedia te  treatment condi t ions ,  t he  mixed-type natrodavyne and anal- 
cime a re  produced. When NaOH is employed, k a o l i n i t e  is l a rge ly  converted t o  analcime 
and hydroxycancrinite w i t h  t he  l a t t e r  being favored by higher a l k a l i  concentratioos.  
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Table 4. Results of leaching  5 g. acid-cleaned p y r i t e  (-38 um) wi th  1 2 0  m l .  
a l k a l i n e  so lu t ion  f o r  1 h r .  

Leaching condi t ions  Conv., Residue 
Alka l i  Cone.. 5 Temp., "C % 

Na2C03 1.0 250 12.7 FeS2, Fe203 

Na2C03 1.0 300 26.4 FeS2. Fe203 

Na2C03 1.0 350 44.8 FeS2, Fe203 

Na2C03 1.0 250 1 2 . 7  FeS2, Fe203 

Na2C03 2.0 250 14.5 

Na2C03 3.0 250 15.8 

NaOH 2.0 300 62.0 

---- 
---- 

FeS2, Fe 0 2 3  
r 

It was fu r the r  shown t h a t  i ron  p y r i t e  r e a c t s  wi th  hot a l k a l i n e  so lu t ions  t o  

However, t he  e f f ec t iveness  of Na2C03 so lu t ions  can be 
form hematite and so lub le  s u l f u r  spec ies .  NaOH is considerably more e f f e c t i v e  than 
Na CO f o r  t h i s  reac t ion .  
increased  by increas ing  t h e  treatment temperature and t o  a l e s s e r  ex ten t  by in-  
c reas ing  t h e  a l k a l i  concentration. The hemat i te  produced is r e a d i l y  d isso lved  by 
hot  mineral  ac ids .  

2 3  

Work i s  i n  progress t o  extend t h e  described r eac t ions  t o  o the r  minera ls  
assoc ia ted  with coa l .  Fur ther  s tud ie s  a r e  a l s o  d i r ec t ed  t o  leaching  of  coa l  i t s e l f .  
The r e s u l t s  w i l l  be used t o  r e l a t e  t he  behavior of t h e  ind iv idua l  minera ls  when 
leached alone to  t h e i r  behavior when leached toge ther  i n  t h e i r  n a t u r a l  occurrence 
wi th  coa l .  The s t u d i e s  w i l l  shed l i g h t  on t h e  p o t e n t i a l  of deminera l iz ing  coa l  f o r  
use i n  low-ash, low-sulfur coal-water mixtures a s  f u e l  f o r  rep lac ing  o i l .  
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I n t r o d u c t i o n  

The term " i n h e r e n t  mineral  m a t t e r ,  o r  ash"  i s  a commonly used 
phrase i n  t h e  c o a l  l i t e r a t u r e  (1). The phrase  r e f e r s  t o  t h a t  f r a c t i o n  
of t h e  mineral matter bound o r g a n i c a l l y  t o  t h e  carbonaceous s t r u c t u r e  
of  t h e  c o a l  and e s t i m a t e s  of i t s  conten t  suggest  t h a t  i t  i s  i n  t h e  
range  o f  two weight  p e r c e n t  of  t h e  whole minera l  mat te r  (1). Common 
c l a s s i c a l  p h y s i c a l  s e p a r a t i o n  schemes such as d i f f e r e n t i a l  s p e c i f i c  
g r a v i t y  s e p a r a t i o n s  or f r o t h  f l o t a t i o n  which a r e  d i r e c t e d  a t  deminer- 
a l i z i n g  the coa l  never  approach t h a t  lower l i m i t .  For example, a t  t h e  
o u t s e t  of t h i s  i n v e s t i g a t i o n  one could  r e c e i v e  a r a w  P i t t s b u r g h  seam 
c o a l  a t  30 weight p e r c e n t  a s h  and through c a r e f u l  f l o a t - s i n k  processes  
reduce t h a t  a s h  c o n t e n t  i n t o  t h e  range  of f o u r  t o  f i v e  weight  percent .  
P r a c t i c a l l y  reducing  t h a t  a s h  c o n t e n t ,  however, t o  below t h r e e  weight 
percent  wi th  a r e a s o n a b l e  y i e l d  w a s  q u i t e  u n l i k e l y  ( 2 ) .  One conse- 
quence of t h e  l a r g e  weight f r a c t i o n  d i f f e r e n t i a l  between t h e  p r a c t i c a l  
l i m i t  of d e m i n e r a l i z a t i o n ,  and i f  you l i k e ,  t h e  t r u e  " i n h e r e n t "  l i m i t  
of d e m i n e r a l i z a t i o n  w a s  a t o t a l  l a c k  of understanding a s  t o  whether o r  
not t h a t  minera l  f r a c t i o n  could indeed be  e x t r a c t e d  by p h y s i c a l  means. 
With t h i s  as a b a s i s ,  f u r t h e r  q u e s t i o n s  could  b e  r a i s e d  a s  t o  whether 
or not  t h a t  r e t a i n e d  minera l  m a t t e r  w a s  a t r u e  d i s t i n c t  minera l  phase, 
or i f  so, could i t  be bound chemical ly  a long t h e  i n t e r f a c e s  t o  t h e  
c o a l  s t r u c t u r e  r e n d e r i n g  t h o s e  p a r t i c l e s  inseparable .  M o s t  simply, i n  
a l l  cases  one could  ask  t h e  ques t ion  does a s e p a r a t i o n  of  mineral mat- 
ter from the c o a l  t a k e  place i n  a l l  cases when c o a l  i s  f r a c t u r e d  and 
t o  what e x t e n t ,  or l i m i t ,  can t h e  f r a c t u r e  p r o c e s s  be u t i l i z e d  i n  t h e  
deminera l iza t ion  of c o a l .  

A series of  experiments  w a s  ass igned  t o  explore  t h e  e x t r a c t i o n  of 
mineral  m a t t e r  from coal  i n  t h e  s i z e  ranges  below 0 .25  nun. The raw 
c o a l  samples were o b t a i n e d  from t h r e e  d i f f e r e n t  sources  i n  t h e  P i t t s -  
burgh seam which p e r m i t t e d  a degree  o f  comparison over a r a t h e r  l a r g e  
geographic a r e a .  The r e s u l t s  are i n t e r e s t i n g  i n  t h a t  t h e y  a l l o w  a new 
p e r s p e c t i v e  i n  t h e  d e m i n e r a l i z a t i o n  of  c o a l .  

ExDe rimenta 1 

The P i t t s b u r g h  seam c o a l s  used i n  t h i s  i n v e s t i g a t i o n  h a s  a nomi- 
n a l  a n a l y s i s  a s  i l l u s t r a t e d  i n  Table 1. 

Lots of  P i t t s b u r g h  seam c o a l  i n  excess  of 1000 pounds each w e r e  
rece ived  from t h r e e  d i f f e r e n t  sources  i n  Washington County: Mine (A) 
was l o c a t e d  about  20 m i l e s  w e s t  of  P i t t s b u r g h ;  Mine ( B )  was loca ted  
j u s t  south of  P i t t s b u r g h ;  and Mine (C) was l o c a t e d  about  40 m i l e s  
s o u t h  of P i t t s b u r g h .  Representa t ive  samples from each source  were ob- 
t a i n e d  by ASTM procedures  and subjec ted  t o  t h e  fol lowing process ing .  

A raw c o a l  sample w a s  reduced t o  250 pm x 0 by dry  mechanical 
crushing i n  a hammermill and then ground i n  a l a b o r a t o r y  sample m i l l .  
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The mechanical ly  ground c o a l  w a s  then mixed w i t h  water t o  form a s l u r -  
r y  wi th  30 weight p e r c e n t  s o l i d s  and p laced  i n  a s tandard  l a b o r a t o r y  
bal l  m i l l .  A l l  of b a l l  m i l l i n g  v a r i a b l e s  were he ld  c o n s t a n t  except  
f o r  t h e  d u r a t i o n  o f  m i l l i n g  which permi t ted  a v a r i a t i o n  of t h e  parti- 
c le  s i z e  d i s t r i b u t i o n .  I n  t h e  event  t h a t  chemicals  were employed 
dur ing  t h e  b a l l  m i l l i n g  o p e r a t i o n  t h o s e  chemicals  were incorpora ted  
i n  a n  excess  of t h e  amount of t h e  s tandard  m i l l  c o n t e n t .  

The c o a l  water s l u r r y  was removed from t h e  m i l l ,  d i l u t e d  with 
water t o  t e n  weight percent  s o l i d s  and t h e  c o a l  f r a c t i o n  removed u t i -  
l i z i n g  t h e  Ot i sca  T-Process (2 ,3) .  Separa t ions  by t h e  T-Process are 
unique i n  t h a t  agglomerat ion r e s u l t s  i n  t h e  recovery of v i r t u a l l y  100% 
of t h e  carbonaceous material leav ing  a f u l l  d i s p e r s e d  minera l  phase i n  
t h e  r e s i d u e  water .  Many d e t a i l e d  i n v e s t i g a t i o n s  of  t h i s  type  have 
concluded t h a t  minera l  matter recovered w i t h  t h e  c o a l  phase is includ-  
ed i n  t h e  c o a l  t h a t  is  t h e  a s h  conten t  of t h e  product  c o a l  r e p r e s e n t s  
only t h a t  mineral  matter mechanical ly  a t t a c h e d  t o  o r  enveloped by t h e  
coal. 

A n a l y t i c a l  procedures  f o r  ash  (h igh  tempera ture ,  HT) and s u l f u r  
conten ts  w e r e  conducted accord ing  t o  ASTM procedures .  Low temperature  
a s h  procedures  w e r e  conducted a t  55OoC i n  an oven w i t h  a n  adequate  
supply of oxygen. The d i f f e r e n c e  i n  minera l  matter morphology and 
chemistry between t h i s  technique and t h e  l o w  tempera ture  ash ing  method 
descr ibed  by Gluskoter  (31, can be  a n t i c i p a t e d  from t h e  paper by 
Mitchelland Gluskoter  ( 4 ) .  P r i n c i p a l l y  t h e  h i g h e r  tempera ture  ash ing  
process  w i l l  conver t  p y r i t e  t o  hemat i te  and k a o l i n i t e  t o  metakaolin- 
i t e .  Between 30% and 50% of t h e  minera l  m a t t e r  i n  t h e  P i t t s b u r g h  c o a l  
i s  considered t o  b e  k a o l i n i t e  ( 5 ) ,  and i n  t h i s  i n v e s t i g a t i o n  w e  pre- 
sumed t h a t  t h e  550°C ash ing  procedure d i d  not  s i g n i f i c a n t l y  a l t e r  t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  of  t h e  o r i g i n a l  k a o l i n i t e  p a r t i c l e s .  

A Micromeri t ics  5500L u n i t  w a s  used t o  o b t a i n  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  d a t a  f o r  t h i s  i n v e s t i g a t i o n .  Data from t h e  Micromeretics 
u n i t  using a one pm mode sample was compared w i t h  t h e  d a t a  developed 
by t h e  manufacturer from a C o u l t e r  Counter on t h e  same sample t o  with-  
i n  t e n  percent .  
a c t e r i z e  t h e  p a r t i c l e s  on  a n  a b s o l u t e  b a s i s .  The observed a r e a  per- 
c e n t  d a t a  from t h e  Micromeretics u n i t  was t ransposed  t o  a m a s s  p e r c e n t  
base  a t  d a t a  p o i n t s  y ( i n  pm) f o r  a l l  of t h e  p o i n t s  y = 2x where 
x = n + 0.5 and n = - 3 ,  -2.5, "'O"', i?, +?.5. The d a t a  p i n t  a t  y 
r e p r e s e n t s  t h a t  mass f r a c t i o n  of material  l y i n g  i n  t h e  s i z e  range 
x ?r 0.25 um. Thus a summation of a l l  of t h e  d a t a  p o i n t s  r e p r e s e n t s  
t h e  mass f r a c t i o n  of a s h ,  o r  product  c o a l ,  a s  t h e  case might be. 

Even w i t h  t h i s  i n  hand t h e r e  w a s  no a t tempt  t o  char- 

The fo l lowing  p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  are given a s  a l o g  
d i s t r i b u t i o n  i n  p a r t i c l e  diameter  ( p m )  where t h e  mass p o i n t s  are in-  
terconnected f o r  convenience of comparison a t  t h e  expense of r i g o r .  
Typical  d i s t r i b u t i o n s  a r e  bel l -shaped where t h e  mode i s  def ined  a s  t h e  
p a r t i c l e  diameter  a t  t h a t  p o i n t  of h a l f  width of t h e  curve  a t  t h e  h a l f  
he ight  of t h e  maximum. The Micromeri t ic  u n i t  is based on a S t o k e s '  
Law s e t t l i n g  t o  t h e  p a r t i c l e s  where one must choose an average s p e c i f -  
i c  g r a v i t y  of p a r t i c l e s  under i n v e s t i g a t i o n  b e f o r e  t h e  d a t a  are re- 
corded. I n  those  cases where low temperature a s h  p a r t i c l e s  were in- 
v e s t i g a t e d ,  t h e  i r o n  minera ls  with a d e n s i t y  l a r g e r  t h a n  4 m s / c c  were 
separa ted  from t h e  c l a y  minera ls  wi th  d e n s i t i e s  less t h a n  3 gms/cc, 
t h e  d i s t r i b u t i o n s  measured i n d i v i d u a l l y  and t h e n  t h e  s i z e  d i s t r i b u -  
t i o n s  were recombined mathematical ly .  The product  c o a l s  demonstrated 
a very narrow s p e c i f i c  g r a v i t y  d i s t r i b u t i o n  i n  t h e  range  o f  1.33. 
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Figure 1 i l l u s t r a t e s  t h e  p a r t i c l e s  s i z e  d i s t r i b u t i o n  of the. min- 
e r a l  mat ter  t h a t  r e s u l t s  from t h e  low temperature  ash ing  of  t h r e e  5 c m  
cubes of b r i g h t  c o a l  t h a t  w e r e  hand-picked from t h e  v a r i o u s  samples. 
The a s h  c o n t e n t s  w e r e  i n  t h e  range o f  f i v e  weight percent .  It i s  of 
i n t e r e s t  t o  n o t e  t h a t  band of minera l  m a t t e r  p a r t i c l e s  t h a t  l i e  i n  t h e  
p a r t i c l e  d iameter  range between one and 50  pm w i t h  a mode between 
f o u r  and e i g h t  pm. The p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  from t h e  l o w  
temperature  ash ing  of  the 5 c m  cubes o f  c o a l  show t h a t  raw c o a l  from 
each source h a s  a unique " f i n g e r p r i n t "  of mineral  mat te r  p a r t i c l e s  
d i s t r i b u t e d  i n  t h e  p a r t i c l e  s i z e  range below 0.25 rrnn. 

I n v e s t i g a t i o n s  of  many o t h e r  c o a l  seams and c o a l s  w i t h i n  a par- 
t i c u l a r  seam i n d i c a t e  t h a t  indeed t h e  minera l  m a t t e r  d i s t r i b u t i o n  var- 
ies widely both i n  shape and magnitude and as such cannot be a n t i c i -  
pa ted  f r o m  o t h e r  c o a l  p r o p e r t i e s .  The minera l  m a t t e r  d i s t r i b u t i o n  i s  
a fundamental p r o p e r t y  o f  t h a t  c o a l  which is a n  uncont ro l led  n a t u r a l  
v a r i a b l e  i n  t h e  e x t r a c t i o n  of minera l  matter. 

I n  o r d e r  t o  demonst ra te  t h a t  t h e  5 c m  cube w a s  c o n s t i t u t e d  of a n  
accumulation of much s m a l l e r  u n i t  volumes each of which represented  
t h e  whole c o a l  i n  minera l  m a t t e r  p a r t i c l e  s i z e  d i s t r i b u t i o n  a s tudy of 
a s e r i e s  of  s i z e  c l a s s i f i e d  p a r t i c l e s  was undertaken.  F o r  example, i f  
r a w  coal  ( C )  w e r e  ground to  250 pm x 0, and then  s e p a r a t e d  with s tan-  
dard  s i e v e s  i n t o  t h e  s i z e  f r a c t i o n  53 x 4 4  urn, w e  would b e  a f forded  a 
dry  mixture  of r a w  c o a l  p a r t i c l e s  and minera l  p a r t i c l e s  w i t h  an aver-  
age  s i z e  of 4 8  ? 4 pm. F igure  2 i l l u s t r a t e s  t h e  particle s i z e  d i s t r i -  
b u t i o n  of t h e  low tempera ture  a s h  product  of t h e  product  c o a l  a f t e r  
t h e  f r e e  minera l  m a t t e r  p a r t i c l e s  w e r e  removed. The f r e e  minera l  m a t -  
t e r  p a r t i c l e s  i n  t h a t  s i z e  range  must have evolved from l a r g e r  c o a l  
p a r t i c l e s .  Again w e  have  t h e  c h a r a c t e r i s t i c  curve very s i m i l a r  t o  t h e  
curve  shown i n  F i g u r e  1 ( C ) .  I n  f a c t ,  t h a t  p o r t i o n  of t h e  curve t h a t  
l i e s  below 3 urn c a n  most u s u a l l y  be  superimposed on o t h e r  curves  ob- 
t a i n e d  i n  a s imilar  manner from t h e  o t h e r  s i z e  f r a c t i o n s  o f  c o a l  ( C ) .  
Providing,  t h a t  i s ,  t h a t  t h e  c o a l  p a r t i c l e  d iameters  a r e  l a r g e r  t h a n  
10 pm. 

The conclus ion  of that s tudy i n d i c a t e d  t h a t  product  c o a l  p a r t i -  
c l e s  l a r g e r  i n  d iameter  t h a n  t h e  band of m i c r o p a r t i c l e s  seemed t o  con- 
t a i n  t h e  whole p a r t i c l e  d i s t r i b u t i o n  of  t h e  small  m i c r o p a r t i c l e s  of 
mineral  mat te r .  That  is, t h e r e  appeared t o  be a r e l a t i v e l y  homogeni- 
o u s  d i s t r i b u t i o n  of  p a r t i c l e s  throughout  l i m i t e d  i n  t o p  s i z e  by t h e  
l a r g e s t  p a r t i c l e  i n  the t e s t .  
a r a w  coa l  w a s  w e t  m i l l e d  t o  smal le r  s i z e s .  

To e x p l o r e  t h a t  a s p e c t  i n  more depth ,  

When a raw c o a l  i s  wet b a l l - m i l l e d  f o r  a s u f f i c i e n t  t i m e  t o  pro- 
duce a s l u r r y  w i t h  a p a r t i c l e  diameter  mode i n  t h e  range  o f  4 urn . 
t h e r e  r e s u l t s  two forms of minera l  m a t t e r :  
t h e  coal  and t h a t  which i s  s t i l l  enveloped i n  t h e  c o a l  p a r t i c l e s .  
F igure  3 i l l u s t r a t e s  a t y p i c a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  sep- 
a r a t e d  product  c o a l  as compared t o  t h e  separa ted  f r e e  minera l  mat te r  
(90 weight p e r c e n t  a s h )  from one m i l l i n g  t e s t .  The separa ted  mineral  

m a t t e r  is c l e a r l y  smaller i n  diameter  t h a n  t h e  c o a l  which i s  probably 
due t o  i ts  more b r i t t l e  p r o p e r t i e s .  
i n t e g r a t i o n  of t h e  c u r v e s  w i l l  y i e l d  1 0 0 %  of t h e  minera l  mat te r  (or  
a s h )  under c o n s i d e r a t i o n  r a t h e r  t h a n  t h e  a s h  c o n t e n t  of t h e  c o a l  a s  
w a s  t h e  case i n  F i g u r e s  1 and 2. 

That f r a c t u r e d  away from 

Note t h a t  i n  F igures  3 and 4 an 
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When t h e  product  c o a l  shown i n  F igure  3 w a s  s u b j e c t e d  t o  low t e m -  
p e r a t u r e  ash ing  as  descr ibed  above and t h a t  product  s u b j e c t e d  t o  p a r -  
t i c l e  S i z e  a n a l y s i s ,  a curve a s  i s  i l l u s t r a t e d  i n  F igure  4 r e s u l t s .  
C l e a r l y  t h e  enveloped mineral  m a t t e r  i n  t h e  product  coal p a r t i c l e s  i s  
cons iderably  smal le r  i n  diameter  t h a n  t h e  coa l  p a r t i c l e s  from which 
t h e y  came and a s  such a r e  not r e l e a s e d  f o r  s e p a r a t i o n .  

Two very  important  p o i n t s  a r e  i l l u s t r a t e d  i n  F igures  1-4: F i r s t -  
l y ,  it appears  t h a t  as  c o a l  f r a c t u r e  t a k e s  p l a c e  i n  t h i s  system, min- 
e r a l  matter p a r t i c l e s  a r e  e j e c t e d  from t h e  f r a c t u r e d  c o a l  system and 
most without  a t t a c h e d  c o a l .  Coal a t t a c h e d  t o  minera l  mat te r  i s  re- 
covered a s  product  coa l .  The i m p l i c a t i o n  i s  t h a t  t h e  coal-mineral  
matter i n t e r f a c e s  are not  chemical ly  bound. I f  t h o s e  i n t e r f a c e s  were 
chemical ly  bound one would observe minera l  m a t t e r  r e j e c t i o n  w i t h  a 
l a r g e  i n c r e a s e  i n  t h e  sub-micron p a r t i c l e  popula t ion  i n  t h e  r e l e a s e d  
mineral  matter, c f .  F igure  3, as w e l l  as t h a t  i n  t h e  l o w  tempera ture  
a s h  of t h e  product  coa l .  The l a t t e r  i s  n o t  observed a s  i s  i l l u s t r a t e d  
below. 

Secondly, g iven  t h e  low tempera ture  a s h  d i s t r i b u t i o n  of t h e  raw 
c o a l  and a knowledge of t h e  r a w  c o a l  particle s i z e  d i s t r i b u t i o n  a f t e r  
w e t  m i l l i n g ,  w e  a r e  i n  a p o s i t i o n  t o  p r e d i c t  t h e  a s h  c o n t e n t  of t h e  
product  coa l .  Consider F igure  5 where a hypothetical low tempera ture  
a s h  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  superimposed on a T-Process product  
c o a l  s i z e  d i s t r i b u t i o n .  The product  c o a l  p a r t i c l e s  w i t h  d iameters  
l y i n g  between x and dx c o n t a i n  no minera l  m a t t e r  p a r t i c l e s  l a r g e r  than  
dx as t h o s e  p a r t i c l e s  w e r e  removed dur ing  t h e  s e p a r a t i o n  process .  The 
minera l  matter r e t a i n e d  i n  t h e  product  coa l  p a r t i c l e s  i s  t h e  cumula- 
t i v e  mineral  matter c o n t e n t  r e p r e s e n t e d  by t h e  low tempera ture  a s h  
curve.  Since t h e  minera l  conten t  g iven  on t h e  o r d i n a t e  i n  F i g u r e  5 is 
based on l o o % ,  t h e  a s h  conten t  i n  each s i z e  range can  be e s t i m a t e d  by 
m u l t i p l y i n g  t h e  mass f r a c t i o n  of t h a t  p o i n t  by t h e  t o t a l  a s h  c o n t e n t  
i n  t h e  raw c o a l  sample, i . e .  250 m x 0, t h a t  w a s  used t o  g e n e r a t e  t h e  
low temperature  a s h  curve.  

A s p e c i f i c  case i s  examined i n  Table  2 where t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  d a t a  from t h e  low temperature  ash ing  of a 5 c m  cube of 
c o a l  and 44-53 pm coa l  was r e l a t e d  t o  t w o  product  coal samples m i l l e d  
under d i f f e r e n t  c o n d i t i o n s  a l l  of which o r i g i n a t e d  from the  same 
source  c o a l  ( C ) .  The f i r s t  column i n  Table  2 p rovides  t h e  average  
p a r t i c l e  diameter  p o i n t s  (y)  a t  which t h e  d a t a  w e r e  observed.  A com- 
p a r i s o n  of t h e  low temperature  a s h  d a t a  f o r  t h e  5 c m  cube, column 2, 
and for t h e  44-53 urn c o a l ,  column 3, i l l u s t r a t e  t h a t  t h e  f r a c t u r e  of 
c o a l  from a 5 c m  cube t o  48 pm does not  s i g n i f i c a n t l y  d i s t u r b  t h e  min- 
eral  mat te r  p a r t i c l e s  l y i n g  i n  t h e  range of d iameters  below 6 Urn. 
Since a 4 urn p a r t i c l e  of product  c o a l  ought  t o  have t h e  complete  min- 
eral mat te r  p a r t i c l e  d i s t r i b u t i o n  s m a l l e r  t h a n  4 pm enveloped i n  t h a t  
p a r t i c l e ,  a cumulat ive a s h  f r a c t i o n  of t h e  l e s s o r  p a r t i c l e  diameter  
a s h  should be e q u i v a l e n t  t o  t h e  a s h  conten t  w i t h i n  t h e  4 u m  p a r t i c l e s ,  
t h a t  i s ,  2.67 weight  percent  a s h ,  c f .  column 4 a t  4 urn. 

A t e s t  of  t h i s  r e l a t i o n s h i p  i s  af forded  i n  column 5 where w e  ob- 
s e r v e  t h e  mass f r a c t i o n  of p a r t i c l e s  a t  v a r i o u s  d iameters  of  a product  
c o a l  from a s t a n d a r d  m i l l  run w i t h  no chemicals added. The p r e d i c t e d  
a s h  conten t  of  t h e  product  c o a l  i s  determined by a summation,. over a l l  
p a r t i c l e  d iameters  of  t h e  product  of t h e  a s h  conten t  of each diameter  
cumulated by i n c r e a s i n g  diameter ,  (x) t imes  t h e  m a s s  f r a c t i o n  of t h e  
product  c o a l  a t  t h a t  p a r t i c u l a r  diameter  ( y ) .  The p r e d i c t e d  a s h  con- 
t e n t  f o r  t h i s  c a s e  i s  1 .19  weight percent  a s h  which can  b e  compared t o  
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t h e  observed v a l u e  us ing  ASTM procedures  of 1 . 1 2  weight p e r c e n t  ash.  
Following i d e n t i c a l  m i l l i n g  procedures ,  except  f o r  t h e  a d d i t i o n  of 20 
pounds p e r  t o n  l i g n i n s u l f o n a t e ,  a d i s p e r s a n t ,  w e  o b t a i n  a much f i n e r  
s i z e  d i s t r i b u t i o n  as i s  i l l u s t r a t e d  i n  column 6 ,  Table  2 .  The pre-  
d i c t e d  a s h  c o n t e n t  i n  t h a t  case i s  0.68 weight percent  a s h  w h i l e  t h e  
observed va lue  w a s  0 .91 weight  p e r c e n t  ash .  The l a r g e  d iscrepancy  i n  
t h e  f i n e r  c o a l  c a s e  w a s  probably due t o  imperfec t  s e p a r a t i o n  proce- 
dures  t h a t  were caused  by t h e  presence of t h e  d i s p e r s a n t .  The a b i l i t y  
t o  p r e d i c t  a s h  c o n t e n t s  us ing  t h i s  procedure has  been a p p l i e d  t o  
s e v e r a l  d i f f e r e n t  c o a l s  from d i f f e r e n t  seams and t h e  same seam w i t h  
r e s u l t s  u s u a l l y  w i t h i n  t e n  percent .  A c a r e f u l  examination of t h e s e  
d a t a  lends  credence t o  t h e  observa t ion  t h a t  f o r  t h e  m o s t  part t h e  
minera l  m a t t e r  inc luded  i n  coa l  t o  t h e  micron p a r t i c l e  s i z e  range i s  
indeed a d i s t i n c t  s e p a r a b l e  phase capable  of  phys ica l  s e p a r a t i o n  by 
f r a c t u r e .  

The e x t e n t  t o  which m i l l i n g  can  be  c a r r i e d  out  and s t i l l  a t t a i n  
e f f e c t i v e  d e m i n e r a l i z a t i o n  i s  to  a degree  l i m i t e d  by our knowledge of 
m i l l i n g .  Coal B w a s  reduced i n  a s h  i n t o  t h e  range  of 0.5 weight  
percent ,  however, t h a t  l i m i t  appeared t o  be  a f u n c t i o n  of m i l l i n g  phe- 
nomena r a t h e r  t h a n  f r a c t u r e  phenomena. C l e a r l y ,  according t o  t h e  
a n a l y s i s  shown i n  column 5 of Table 2 and t h e  subsequent d i s c u s s i o n ,  
one might expect  a monotonic decrease  i n  product  c o a l  a s h  c o n t e n t  w i t h  
p a r t i c l e  s i z e  d i s t r i b u t i o n  mode t o  z e r o  minera l  matter which has  not  
been observed. What was n o t  a n t i c i p a t e d  was t h e  observa t ion  t h a t  t h a t  
r e l a t i o n  appeared t o  be i n s e n s i t i v e  t o  what might be considered a s  
r a t h e r  severe  changes i n  t h e  chemical  environment during t h e  m i l l i n g  
process  even though s o m e  o f  t h e  chemical a d d i t i v e s  made s i g n i f i c a n t  
changes i n  t h e  m i l l i n g  e f f i c i e n c y ,  i .e . ,  s p e c i f i c  a r e a  i n c r e a s e  p e r  
u n i t  i n p u t  energy. Consider  t h e  e f f e c t  of t h r e e  chemical a d d i t i v e s :  
calcium hydroxide,  sodium l i g n i n s u l f o n a t e ,  and sodium s u l f o s u c c i n a t e ,  
a s  compared t o  t h e  c a s e  of  no a d d i t i v e s  on t h e  p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  of  t h e  product  coal from a s tandard  m i l l  run  shown i n  F igure  6 
where a l l  c o n d i t i o n s  were i d e n t i c a l .  C l e a r l y ,  t h e r e  w e r e  no obvious 
e f f e c t s .  In  t h e  next  s e r i e s ,  shown i n  F igure  7, w e  i n v e s t i g a t e d  t h e  
a d d i t i v e s  ammonium hydroxide,  sodium hydroxide, and a higher  concentra-  
t i o n  of  sodium l i g n i n s u l f o n a t e .  C l e a r l y ,  a dynamic d i f f e r e n c e  i n  
s p e c i f i c  s u r f a c e  a r e a  per  u n i t  i n p u t  energy w a s  observed. The explana- 
t i o n  of t h e  d i f f e r e n c e s  i s  beyond t h e  scope o f  t h i s  paper ,  b u t  what 
w a s  i n t e r e s t i n g  w a s  the e f f e c t  t h a t  t h e  chemicals  had on t h e  f r a c t u r e  
mechanism t h a t  e f f e c t s  t h e  r e l e a s e  of mineral  mat te r .  F igure  8 i l l u s -  
t ra tes  a p l o t  of t h e  a s h  c o n t e n t  i n  t h e  product  c o a l  versus  t h e  mode 
of t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  product  coa l .  A l l  o f  t h e  
tests u t i l i z i n g  chemical  a d d i t i v e s  were m i l l e d  under i d e n t i c a l  condi- 
t i o n s  u t i l i z e d  i n  t h e  t e s t  which produced t h e  "no a d d i t i v e "  d a t a  with 
a 2 um mode. The t h r e e  o t h e r  "no a d d i t i v e "  tests were m i l l e d  f o r  
extended t i m e s  to  a c h i e v e  smal le r  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  T h e  
chemical a d d i t i v e  calcium hydroxide when used a t  20 pounds p e r  t o n  i s  
above t h e  s a t u r a t i o n  l i m i t  and t h e  s o l i d  p a r t i c l e s  have become imbedded 
i n  t h e  coa l  s t r u c t u r e ,  hence i n c r e a s i n g  t h e  a s h  c o n t e n t  of  t h e  product  
coal W e l l  removed from i t s  a n t i c i p a t e d  l o c a t i o n  on t h e  curve.  A mild 
a c i d  e t c h  of t h a t  p roduct  c o a l  t o  remove t h e  calcium hydroxide allows 
recovery of i t s  a n t i c i p a t e d  p o s i t i o n  i n  t h e  scheme. Some of t h e  chemi- 
ca l  a d d i t i v e s  do a l t e r  t h e  s p e c i f i c  m i l l i n g  rate dur ing  t h e  p r o c e s s ,  
b u t  that  change does  not a l t e r  t h e  r e l a t i o n s h i p  between particle f r a c -  
t u r e  and mineral  m a t t e r  r e l e a s e d .  Such lends  support  t o  t h e  presumed 
model t h a t  t h e  u l t r a f i n e  minera l  m a t t e r  is t o  some degree homogeneously 
d i s t r i b u t e d  and i s  o n l y  r e l e a s e d  w i t h  t h e  f r a c t u r e  of t h e  c o a l  p a r t i c l e .  
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Conclusion 

High ranked bituminous c o a l s  l i k e  t h o s e  of t h e  P i t t s b u r g h  seam 
c o n t a i n  a d i s t r i b u t i o n  of d i s c r e t e  minera l  mat te r  p a r t i c l e s  i n  t h e  
s i z e  range from 50 t o  1 !Jm which can  be  r e l e a s e d  and p h y s i c a l l y  
separa ted  from t h e  c o a l  by normal f r a c t u r e  mechanisms experienced i n  
W e t  b a l l  m i l l i n g .  Demineral izat ion of c o a l  by t h i s  mechanism appears  
t o  be  a p r e d i c t a b l e  process  w i t h  a n  e r r o r  i n  t h e  range of 10 percent .  
The deminera l iza t ion  of P i t t s b u r g h  seam c o a l  has  been achieved t o  t h e  
range of 0 .5  weight  p e r c e n t  a s h ,  a l i m i t  which appears  t o  be  c o n t r o l l e d  
by t h e  mechanics of t h e  b a l l  m i l l .  
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TABLE 1 

NOMINAL ANALYSIS  O F  PITTSBURGH SEAM COAL 

Weight Percent  
( D r y  B a s i s )  

V o l a t i l e  M a t t e r  35 
F i x e d  C a r b o n  58 
B T U / l b  14,200 
C a r b o n  11.3 
H y d r o g e n  5.2 
Nitrogen 1.5 
C h l o r i n e  0 .1  

S u l f u r  1.5 
O x y g e n  ( d i f f )  1.6 
A s h  6.8 

TABLE 2 

P A R T I C L E  SIZE DATA FOR L O W  TEMPERATURE ASH PRODUCTS AND PRODUCT COALS 

D a t a  P o i n t  L o w  Temperature  A s h  - W t . %  Product C o a l  - W t . %  
S t a n G d  Standard 

N o  20 pounds/ton 
urn 5 cm C u b e  44-53um 44-53um A d d i t i v e s  L i q n i n s u l f o n a t e  

( C u m u l a -  
t i v e  X) (Y) ( 2 )  (Y) 

0.35 
0.50 
0.71 
1-00 
1.41 
2.0 
2.83 
4.0 
5.66 

0.03 
0.06 
0.19 
0.35 
0.49 
0.67 
0.63 
0.66 
0.66 

0.06 
0.1 
0.18 
0.28 
0.38 
0.52 
0.60 
0.55 
0.55 

0.06 
0.16 
0.34 
0.62 
1.0 
1.52 
2.12 
2.61 
3.22 

0.08 
0.05 
0.085 
0.13 
0.2 
0.18 
0.145 
0.06 
0.04 

0.14 
0.08 
0 -13 
0.20 
0.14 
0.10 
0.05 
0.03 
0.01 

y = 5.66 
N o  A d d i t i v e s  z (X, x Y.,) = 1. 9 W t . %  A s h  Predic  3. 

1.12 W t . %  A s h  O b s e r v e d  y = 0.35 = 
y = 5.66 

L i g n i n s u l f o n a t e  E (Xy x 2,) = 0.68 W t . %  A s h  Predicted 

0.91 W t  .% A s h  O b s e r v e d  y = 0.35 
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CHEMICAL TREATMENT PRIOR TO PHYSICAL COAL BENEFICIATION 

A. B. Walters 

Florida Power & Light Company 
P.O. Box 14000 

Juno Beach, Florida 3 3 4 0 8  

ABSTRACT 

Conventional wisdom dictates that chemical treatment of coal should 
follow physical beneficiation. This ordering is expected to achieve 
reduced consumption and improved access of chemical reagents to 
the smaller, partially demineralized coal particles which result 
from physical cleaning. The advantages of reversing this 
conventional order of treatment, particularly for coal 
demineralization, are often overlooked. Chemical pretreatment 
can greatly improve the grindability of coal prior to the final 
size reduction required for physical beneficiation. The use of 
inexpensive chemical reagents can greatly reduce the disadvantage 
of higher reagent consumption. Prior chemical treatment can also 
selectively remove inorganic components which adversely affect 
coal ash behavior in combustion equipment. The effectiveness 
of subsequent physical coal demineralization can be improved by 
chemical pretreatment, especially for physical processes which 
exploit surface chemistry. Examples describing the advantages 
of chemical processing prior to physical coal beneficiation are 
included in this talk. 

INTRODUCTION 

Coal beneficiation research and development programs are commonly 
targeted to the dual objectives of sulfur and gross mineral matter 
removal. Many programs are primarily guided by environmental 
new source performance standards (NSPS) for coal-burning facilities. 
Attractive technical approaches to coal beneficiation which cannot 
meet NSPS are given limited attention. Beneficiation objectives 
in addition to sulfur and gross mineral matter removal, such as 
improved combustion behavior, reduced slagging and fouling, improved 
grindability, and compatibility with emission control equipment, 
are often ignored. 

Earlier efforts to meet NSPS and restrictive oil-backout 
requirements concentrated on coal hydroliquefaction. These efforts 
yielded conceptual processes capable of producing highly 
desulfurized and demineralized coal-based fuels suitable for 
replacing petroleum-based fuels or feedstocks. High projected 
process capital costs and modest overall energy yields have 
discouraged the further development of these conceptual processes. 

Relatively high energy yields and relatively low capital and 
operating costs are achievable with many commercially available 
coal beneficiation processes. Unfortunately, these processes 
are capable of only modest reductions in sulfur and gross mineral 
matter. Newer, conceptual processes are again embarking on the 
path of "super-clean" coal, the same path that led to 
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non-compe t i t i ve  p r o d u c t  c o s t s  i n  t h e  case of  h y d r o l i q u e f a c t i o n .  
O the r ,  less a m b i t i o u s  approaches  c a p a b l e  o f  improving t h e  
performance of  c o a l - b u r n i n g  equipment  v i a  coal b e n e f i c i a t i o n  may 
b e  more p r a c t i c a l .  I n  p a r t i c u l a r ,  i n e x p e n s i v e  chemical  t r e a t m e n t  
p r i o r  t o  n e a r - c o n v e n t i o n a l  p h y s i c a l  c o a l  b e n e f i c i a t i o n  may a c h i e v e  
many c o a l  b e n e f i c i a t i o n  o b j e c t i v e s .  

COAL BENEPICIATION OBJECTIVES 

Coal can be  b e n e f i c i a t e d  t o  meet a v a r i e t y  of  o b j e c t i v e s  r e l a t e d  
t o  its u s e  as a hea t -p roduc ing  f u e l .  These o b j e c t i v e s  i n c l u d e :  

r e d u c i n g  s u l f u r  c o n t e n t  f o r  r educed  SOx e m i s s i o n s :  

r e d u c i n g  g r o s s  m i n e r a l  mat te r  c o n t e n t  f o r  reduced t o t a l  
p a r t i c u l a t e  e m i s s i o n s  and a s h  p r o d u c t i o n ;  

r e d u c i n g  m o i s t u r e  l e v e l s  f o r  improved e f f i c i e n c y ;  

improving g r i n d a b i l i t y  f o r  reduced g r i n d i n g  costs:  

O p r e s e r v i n g  combus t ib l e  v o l a t i l e s  c o n t e n t  f o r  needed 
combustion b e h a v i o r ;  

improving ca rbon  burnout  c h a r a c t e r i s t i c s  f o r  improved 
e f f i c i e n c y  and c o m p a t i b i l i t y  w i t h  p a r t i c u l a t e  c o n t r o l  
equipment;  and 

r e d u c i n g  s e l e c t e d  m i n e r a l  components t o  r educe  s l a g g i n g  
and f o u l i n g  c h a r a c t e r i s t i c s  of t h e  c o a l  a s h .  

Many o f  t h e s e  o b j e c t i v e s  a r e  i n  c o n f l i c t .  Reduced SO, i n  f l u e  
g a s e s  can r educe  t h e  e f f i c i e n c y  of e lec t ros ta t ic  p r e c i p i t a t o r s  
due  t o  h i g h  p a r t i c u l a t e  e lec t r ica l  r e s i s t i v i t i e s .  Gross m i n e r a l  
matter r e d u c t i o n  can  change t h e  compos i t ion  of r e s u l t i n g  c o a l  
a s h  l e a d i n g  t o  l o w e r  c o a l  a s h  f u s i o n  t e m p e r a t u r e s  and i n c r e a s e d  
s l a g g i n g  and f o u l i n g ;  t h i s  may i n  some cases be t h e  r e s u l t  of 
con tamina t ion  by b e n e f i c i a t i o n  a i d s ,  such  a s  m a g n e t i t e  f i n e s  
c a r r i e d - o v e r  d u r i n g  heavy media s e p a r a t i o n s .  Seve re  chemical  
t r e a t m e n t s  t o  remove s u l f u r  and m i n e r a l  matter may s i g n i f i c a n t l y  
reduce t h e  c o m b u s t i b l e  v o l a t i l e s  c o n t e n t  of  t h e  coal.  Very l o w  
m i n e r a l  mat te r  levels can l e a d  t o  h i g h  unburned ca rbon  l e v e l s  
i n  f l y  a s h  p a r t i c u l a t e s  which may r e d u c e  t he  e f f i c i e n c y  of  
e lec t ros ta t ic  p r e c i p i t a t o r s  due  t o  low p a r t i c l e  e l e c t r i c a l  
r e s i s t i v i t y .  

D e s p i t e  t h e s e  c o n f l i c t s ,  a few g e n e r a l  o b j e c t i v e s  can  be s e l e c t e d  
for  t o p  p r i o r i t y .  Coal p y r i t e s  c o n t r i b u t e  t o  i n c r e a s e d  SOx and 
p a r t i c u l a t e  e m i s s i o n s  and t o  i n c r e a s e d  s l a g g i n g  and f o u l i n g  due 
t o  i n c r e a s e d  i r o n  i n  t h e  c o a l  a s h .  P y r i t e  removal  i s  an i m p o r t a n t  
o b j e c t i v e  f o r  coal b e n e f i c i a t i o n .  Modern c o a l  bu rn ing  a p p l i c a t i o n s  
t y p i c a l l y  r e q u i r e  f i n e  coal g r i n d i n g  ( ca .  ~ 2 0 0  mesh) .  Th i s  i s  
t r u e  f o r  d r y ,  p u l v e r i z e d  c o a l  f i r i n g  o r  f o r  coa l -wa te r  mix tu re  
f u e l s  i n t e n d e d  f o r  o i l - b a c k o u t .  Improved coal g r i n d a b i l i t y  would 
s i g n i f i c a n t l y  r e d u c e  t h e  subsequen t  costs of c o a l  u t i l i z a t i o n .  
The p r e s e r v a t i o n  of combus t ib l e  v o l a t i l e s  i n  t h e  c o a l  i s  a l so  
i m p o r t a n t .  I t  i s  e s p e c i a l l y  i m p o r t a n t  f o r  c o a l / w a t e r  mix tu re  
f u e l s  due t o  t h e  h i g h  m o i s t u r e  l e v e l s  ( c a .  30 -40  we igh t  p e r c e n t  
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water) in these fuels. The preservation of combustible volatiles 
limits the severity, particularly temperatures, which can be 
employed in coal beneficiation. Pyrite removal from many coals 
can be improved by fine grinding. It can also be improved if 
fresh pyrite particle surfaces can be rendered more hydrophilic 
prior to froth flotation for mineral matter removal. The selective 
removal of alkali and alkaline earth minerals would also be 
desirable due to the resulting increase in coal ash fusion 
temperatures which would reduce slagging and foaling. In the 
case of dry, pulverized coal firing, the high costs of dewatering 
fine coal prior to burning might preclude the application of froth 
flotation following fine grinding. 

These refined coal beneficiation objectives point towards a chemical 
treatment aimed at coal mineral matter, particularly the interfaces 
between mineral matter and the carbonaceous coal macerals. This 
treatment, not so very distinct from developing chemical comminution 
technologies should greatly improve subsequent grindability, 
significantly increase coal ash fusion temperatures, and preserve 
combustible volatiles. An additional objective of low costs 
requires that inexpensive reagents and treatment equipment be 
employed. An approach which may achieve these coal beneficiation 
objectives is currently under investigation at the Brookhaven 
National Laboratory (BNL). A pressurized carbon dioxide/water 
mixture is used as the chemical reagent for chemico-physical coal 
beneficiationcl) . 

CAEMICO-PHYSICAL COAL BENEPICIATION 

Gaseous carbon dioxide is known to penetrate coal(2) and to improve 
coal grindability(3). Unlike chemical comminution caused by 
ammonia(4), water enhances the swelling and fracturing of coal 
caused by carbon dioxide(1). The carbon dioxide/water mixture 
is reported to have a synergy which enhances the carbon dioxide 
fracturing of coal while selectively removing alkali and alkaline 
earth minerals. Significant improvements in coal grindability 
with very high retention of overall energy content and coal 
volatiles are reported. Subsequent sink/float studies have 
indicated selective fracturing of the interfaces of the mineral 
matter and the carbonaceous coal macerals ( 5). Treatment effects 
on pyrite surface hydrophilicity for coal ground in the pressurized 
carbon dioxide/water mixture remain to be determined. Such 
improvements in the hydrophilic nature of fresh pyrite surfaces 
have been reported for aqueous sodium carbonate treatment at the 
Same temperatures used in the BNL chemico-physical treatment (ca. 
8O"CI (6). 

A major drawback to this potentially effective coal beneficiation 
treatment is the costs of achieving the treatment conditions (ca. 
750 psi, 80°C). An investigation of the effects of treatment 
conditions on coal beneficiation is being initiated to allow for 
an engineering study to evaluate the commercial potential of the 
BNL approach to coal beneficiation. 

3 
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CONCLUSIONS 

The BNL carbon dioxide/water coal beneficiation treatment shows 
promise for meeting important coal beneficiation objectives. This 
treatment appears suitable for beneficiating coals for dry, 
pulverized coal firing without subsequent physical coal 
beneficiation or for coal/water mixture fuels with subsequent 
physical beneficiation, e.g. froth flotation. Froth flotation 
is already included in the processes for some of the proposed 
commercial coal/water mixture preparation facilities. The 
effectiveness of the BNL treatment for enhancing pyrite surface 
hydrophilicity needs further study. Also needed is further study 
of the commercial potential of this coal beneficiation approach. 
Engineering studies await the results of more detailed 
investigations of the effects of varied treatment conditions. 
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DECOMPOSITION OF PYRITE IN A COAL MATRIX 
DURING PYROLYSIS OF COAL 

I. Stewart  and S .  G. Whiteway 
A t l a n t i c  Research Labora tory ,  Na t iona l  Research Counc i l  

AND 

P. J. C l e y l e  and W. F. Caley 
Techn ica l  U n i v e r s i t y  o f  Nova S c o t i a  

The h i g h  su lphur  con ten t  o f  Eas tern  Canadian coa ls  has l e d  t o  a 
number of s tud ies  aimed a t  reduc ing  these  su lphu r  leve ls ' .  
about two t h i r d s  o f  t h e  su lphu r  i s  p y r i t i c ,  o f t e n  o c c u r i n g  as smal l  
i n c l u s i o n s ,  and t h e r e f o r e  d i f f i c u l t  t o  remove by conven t iona l  
b e n e f i c i a t i o n  techn iques .  

p y r r h o t i t e  and H,S i s  emi t ted .  It has been repo r ted2  t h a t  n o t  a l l  o f  
t h e  su lphu r  from t h e  p y r i t e l p y r r h o t i t e  t r a n s f o r m a t i o n  i s  em i t ted ;  some 
becomes t rapped i n  t h e  o rgan ic  m a t r i x  as 'bound' su lphur .  I n  
i n v e s t i g a t i o n s  o f  t h e  p y r o l y s i s  of Nova Scot ian  coa l ,  B ro the rs  no ted  
t h a t  when 95% o f  t h e  p y r i t i c  su lphu r  was removed p r i o r  t o  p y r o l y s i s ,  
t h e  r e s i d u a l  o rgan ic  su lphu r  i n  t h e  char  decreased by about 50% i n  
comparison t o  t h a t  o f  cha r  formed f rom t h e  raw coa l .  

The present  s tudy  dea ls  wi th  t h e  p y r o l y s i s  o f  coa l  f rom t h e  P r i n c e  
C o l l i e r y  i n  Cape Bre ton  I s land ,  Nova S c o t i a  (Tab le  1). Th is  p a r t i c u l a r  
coa l  was chosen b o t h  because of i t s  h i g h  su lphu r  con ten t  (-4 wt.% S)  
and because i t  i s  t y p i c a l  o f  much o f  t h e  proven reserves  of t h e  f i e l d .  

I n  genera l  

I n  general  when coa l  i s  p y r o l y s e d  t h e  p y r i t e  decomposes t o  

Experiment a1 

(1-2.4 mm). Approx imate ly  2 g o f  coa l  was p laced  i n  an a lumina boat  
and py ro l ysed  under argon i n  a t u b e  fu rnace  a t  a v a r i e t y  o f  
temperatures and t imes. 

Chemical Co. '.Quickmount' cold-mount ing res in ,  and p o l i s h e d  i n  
p r e p a r a t i o n  f o r  scanning e l e c t r o n  microscopy (SEM). Represen ta t i ve  
p y r i t e  c r y s t a l s  about 20 IJI-II i n  diameter,  and n o t  near  macropores o r  
o t h e r  d i s c o n t i n u i t i e s ,  were s e l e c t e d  f o r  study. 

A Jeo l -35  SEM mic roprobe equipped w i t h  energy- and wavelength- 
d i s p e r s i v e  spec t rometers  was used f o r  e lementa l  ana lys i s .  P o i n t  
ana lyses  were c a r r i e d  o u t ;  these covered approx ima te l y  0.5 INI f o r  t h e  

The coa l  was c rushed and s ieved  on T y l e r  screens t o  -8 + 16 mesh, 

A f t e r  p y r o l y s i s  p ieces  of t h e  coa l  were mounted u s i n g  F i s h e r  



p y r i t e  and 1  an f o r  t h e  coa l .  

c o u n t i n g  t imes  of 200 seconds, an a c c e l e r a t i n g  v o l t a g e  o f  15 KV, and a I 

p y r i t e  c r y s t a l  as  standard.  i 

The s tandard  atomic number, abso rp t i on  
and f luorescence (ZAF)  c o r r e c t i o n s  were a p p l i e d  t o  a l l  a n a l y s i s ,  u s i n g  l 

Resu l t s  

The e x t e n t  of p y r i t e  decomposi t ion was f o l l o w e d  by o b t a i n i n g  S/Fe 
a tomic  r a t i o s  a t  v a r i o u s  p o i n t s  across  s e l e c t e d  p y r i t i c  i n c l u s i o n s .  
F igu re  1 i s  a p l o t  o f  t h i s  r a t i o  vs. " d i s t a n c e  f rom t h e  edge o f  t h e  
i n c l u s i o n "  f o r  seven p a r t i c l e s  p y r o l y s e d  a t  d i f f e r e n t  temperatures.  
The d u r a t i o n  o f  p y r o l y s i s  was 15 - 20 hours. I t i s  apparent t h a t  t h e  
t r a n s f o r m a t i o n  f r o m  p y r i t e  t o  p y r r h o t i t e  i n  P r i n c e  coa l  ma in l y  occurs 
i n  t h e  tempera ture  range 500-550". 

i n c l u s i o n / c o a l  i n t e r f a c e  i n t o  t h e  ma t r i x .  Th i s  demonstrates t h e  
cons tan t  background l e v e l  of o rgan ic  su lphu r  i n  t h e  coal  m a t r i x  
su r round ing  undecomposed p y r i t e  p a r t i c l e s  a t  400 and 500". 
c o n t r a s t ,  i t  i s  c l e a r  t h a t  t h e  su lphu r  c o n t e n t  i s  enhanced around 
p y r i t e  p a r t i c l e s  t h a t  had been py ro l ysed  a t  550, 600 and 700°C, and 
t h a t  su lphur  t r a n s f e r  has occurred. 

F igu re  3 shows t h e  e f f e c t  o f  t i m e  on t h i s  su lphu r  t r a n s f e r  d u r i n g  
p y r o l y s i s  a t  600°C. It can be seen t h a t  t h e  t o t a l  amount o f  su lphu r  
t r a n s f e r r e d  remains approx ima te l y  cons tan t  a f t e r  15.5 hours  and t h a t  
t h e  depth o f  p e n e t r a t i o n  o f  su lphur  i n t o  t h e  su r round ing  o rgan ic  m a t r i x  
does n o t  i n c r e a s e  w i t h  t i m e  o f  p y r o l y s i s .  

F igu re  2 i s  a p l o t  o f  wt .% S as a f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  

In 

D i  scuss i  on 

A. Trans fo rma t ion  Temperature 

A t  400°C and 500°C ve ry  l i t t l e  decompos i t ion  occur red ,  w h i l e  a t  
600°C and 700°C t r a n s f  o rma t i  on was v i  r t u a l  l y  complete. 
however, t h e  t r a n s f o r m a t i o n  was incomple te  w i t h i n  t h e  20 hours g i ven  
f o r  p y r o l y s i s ,  t h e  r e s u l t s  i n d i c a t i n g  a p y r i t e  co re  surrounded by a 
p y r r h o t i t e  s h e l l .  These r e s u l t s  i n d i c a t e  t h a t  p y r i t e  i n  P r i n c e  coa l  
beg ins  t o  p y r o l y s e  between 500 and 550°C; t h i s  i s  i n  general  agreement 
w i t h  temperatures r e p o r t e d  by o t h e r  authors$. 

B. Sulphur T r a n s f e r  

A t  550°C, 

The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e d  t h a t  t h e r e  was l i t t l e  t r a n s f e r  
of su lphur  f r o m  p y r i t e  t o  t h e  sur round ing  o rgan ic  m a t r i x  o f  coa l  n o t  
heated  beyond 500°C. T h i s  i s  s i m i l a r  t o  t h e  f i n d i n g s  o f  Raymond and 
Hagan5 who examined un reac ted  coa l  by SEM. 
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The e x t r a  su lphu r  observed around t h e  decomposed p y r i t e  i n  t h e  
present  s tudy t h e r e f o r e  was formed as a r e s u l t  o f  t h e  p y r o l y s i s  
reac t i ons .  Rad io - t race r  work us ing  35S-doped p y r i t e  has shown t h a t  
some of t h e  su lphu r  re leased combines w i t h  t h e  o rgan ic  m a t r i x  w i t h  t h e  
fo rma t ion  of carbon-sulphur  bonds6. 
p y r o l y s i s  su lphur  m ig ra tes  w i t h i n  t h e  i r o n  s u l p h i d e  as S-. 
sur face of  t he  FeS charge t r a n s f e r ,  r e a c t i o n  and d e s o r p t i o n  would l ead  
t o  a v a r i e t y  o f  compounds. 

Consider ing t h e  hydrogen-r ich environment presented by t h e  
decomposing coal  m a t r i x ,  one impor tan t  su lphu r  compound would be H,S, 
which would beg in  t o  d i f f u s e  away f rom t h e  FeS/coal i n t e r f a c e  th rough  
t h e  pores of t h e  ma t r i x .  A c t i v e  carbon s i t e s ,  t h a t  a re  be ing  generated 
s imul taneously  by d e v o l a t i l i z a t i o n  o f  t h e  coal  m a t r i x ,  a l s o  c o u l d  r e a c t  
w i t h  t h e  su lphu r  t r a p p i n g  i t  as newly formed and s t r o n g l y  bound 
"o rgan ic "  sulphur.  
t h e  o v e r a l l  su lphu r  l i b e r a t e d  i n  t h e  decomposi t ion of  t h e  p y r i t e  became 
f i x e d  as "organi  c" su lphur .  

decomposed e n t i r e l y  t o  p y r r h o t i t e  w i t h i n  15.5 hours. R e f e r r i n g  t o  
Fig.  3 i t  i s  s i g n i f i c a n t  t h a t  t h e  depth of  p e n e t r a t i o n  d i d  n o t  i nc rease  
w i t h  i n c r e a s i n g  t ime, which i n d i c a t e s  t h a t  t h e  t rapped  su lphu r  was no t  
mobi le .  I n  a d d i t i o n ,  t h e r e f o r e ,  we may conclude t h a t  d i f f u s i o n  i n  t h e  
m a t r i x  i s  not  an impor tan t  mechanism f o r  m i g r a t i o n  of  su lphu r  f rom t h e  
p y r i t e / c o a l  i n t e r f a c e .  The main t r a n s f e r  mechanism f o r  t h e  su lphu r  
that does escape probably  i s  p o r e - d i f f u s i o n  of H,S. 

The data o f  F ig .  2 can be used t o  e s t i m a t e  t h e  amount o f  su lphu r  
t rapped  i n  a s p h e r i c a l  s h e l l  around a p y r i t e  p a r t i c l e ,  and t o  compare 
i t  w i t h  t h e  amount o f  su lphur  known t o  be re leased  by t h e  p y r i t e /  
p y r r h o t i t e  decomposi t ion.  W i th in  t h e  u n c e r t a i n t i e s  o f  t h i s  o r d e r - o f -  
magnitude c a l c u l a t i o n  we concluded t h a t  a l l  t h e  su lphu r  re leased  f rom a 
smal l ,  well-embedded, p y r i t e  p a r t i c l e  i n  P r ince  coal  becomes t rapped  i n  
t h e  coal  ma t r i x .  However, it should be p o i n t e d  ou t  again t h a t  d u r i n g  
t h e  p y r o l y s i s  of macro amounts of coal  a cons ide rab le  amount o f  p y r i t i c  
su lphu r  i s  re leased  i n t o  t h e  gas phase as H,S; presumably t h i s  
o r i g i n a t e s  w i t h  p y r i t e  of a more massive n a t u r e  o r  which i s  n o t  so w e l l  
embedded i n  t h e  m a t r i x .  

It has been suggested' t h a t  d u r i n g  
A t  t h e  

I n  t h e  35S t r a c e r  work r e f e r r e d  t o  above, 38% of 

F i g u r e  1 shows t h a t  a t  6OOOC a t y p i c a l  p y r i t e  g r a i n  has 

Summary 

The decomposi t ion temperature of  p y r i t e  i n  P r ince  coal  was found 
t o  be between 500 and 550°C as determined u s i n g  a SEM-microprobe. I n  
a d d i t i o n ,  some of t h e  su lphur  l i b e r a t e d  i n  t h i s  decomposi t ion became 
t rapped  i n  t h e  coal  m a t r i x  surrounding t h e  p y r i t e  c r y s t a l s .  For smal l  
c r y s t a l s ,  we l l  embedded i n  the coal  m a t r i x ,  a l l  t h e  su lphu r  re leased  by 
t h e  decomposing p y r i t e  becomes t rapped  as "o rgan ic "  su lphur .  
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Table 1. Prox imate  A n a l y s i s  and Sulphur Forms o f  P r ince  Coal 

C o n s t i t u e n t  Weight Percent  
(mo is tu re  f r e e  b a s i s )  

Mo is tu re  

V o l a t i  l e s  

Ash 

Carbon 

Sul phur : 

P y r i t i c  

Su lpha t i  c 

Organ ic  

To ta l  

5.5* 

27.8 

19.9 

52.4 

3.33 

0.34 

1.13 

4.80 

* 
On "as rece ived"  b a s i s  
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F i g . 1  Decomposi t ion o f  FeS2 t o  FeS as coal i s  
heated  above 5000. 

345 



a 
Fig.2 Sulphur  from decomposed p y r i t e  t r a p p e d  i n  

m a t r i x  o f  c o a l .  
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F i g . 3  S t a b i l i t y  w i t h  time o f  s u l p h u r  t r a p p e d  i n  
matrix o f  c o a l .  
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